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ABSTRACT 
This dissertation is based on the study of a new soil nail called screw nail. The research is 
focused on the design, fabrication and analysis of a new screw nail and its interaction mechanisms 
between the soil and nail in two cohesive and non-cohesive soil materials that are compacted in a 
suitably fabricated large box.  
The interaction behaviour of the nail was investigated by a series of fully instrumented 
pullout tests that were carried under different surcharge load conditions and the observed behaviours 
were compared with the results of pullout tests by various other investigators.  
Numerical modelling was also carried out in an attempt to investigate and understand the 
performance and the shear mechanism of the screw nail under different boundary conditions. For this 
purpose, a full three-dimensional finite element computer program was used to study the soil and nail 
displacements associated with the axial loading. 
Comprehensive laboratory soil tests were carried out prior and after the pullout tests to fully 
characterise the soils conditions. The box was instrumented with load cells and LVDTs and strain 
gauges were adhered to the screw nail. For the non-cohesive soil, thin vertical sand bands were cast to 
analyse the soil deformation patterns after the completion of the pullout tests. 
The pullout tests of the screw nail show that its performance is better when compared to the 
results of other investigators due to the efficient geometry of the screw nail and its interaction with the 
surrounding soil. From the tests it was found that: 
1. The design of new screw nail offer many advantages such as easy installation with no 
spoils and grouting, better nail-ground interaction resulting in increased pull-out capacity and it’s 
suitability for reinforcing all ground conditions including sand and gravel.  
2. The pullout load-displacement curves for the screw nail are dependent on the surcharge 
pressure and for the grout nail are independent of the surcharge pressures applied. Due to the 
characteristics of the residual clay soil, no sharp reduction and residual value are observed.  
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3. The general load-displacement response of the pullout curves is different than those for the 
grouted nail. The grouted nails generally have an accentuated peak values followed by a sharp 
reduction in the residual value, whereas for the screw nail does not show any residual values and the 
pullout resistance at large displacements exceeds the so called peak value and therefore from an 
efficiency point of view, the high adherence of the screw nail is better to use in areas susceptible to 
earthquake excitation or where large displacements may occur. The laboratory pullout results show 
that the peak pullout forces are mobilised about 25 mm of relative displacement. In the field 
condition, screw nails can also be expected to mobilise a great portion of the pullout capacity in 
response to similar ground movement. 
4. The pullout shear strength for laboratory tests increased with the increase of normal stress 
and generally presented a tendency that appears to follow the Mohr-Coulomb failure criterion. 
5. Comparison of the pullout performance for the screw nail when compared to other 
conventional as well as the pressurised cement grouted nails shows that the screw nail performs better 
in terms of pullout capacity. The screw nail enhances the soil around the tip helix resulting in denser 
soil and, therefore, the actual failure surface shifts deeper into the surrounding soil resulting in larger 
soil-nail diameter and pullout tests. 
6. The results of the strain gauges show that the bending stresses can have considerable effect 
on the pullout performance of soil nails. However, this seems to be highly dependent on the stiffness 
of the surrounding soil and the surcharge pressures. 
7. The results of loadcell transducers used around the screw nail show that the confining 
stress acting on the nail is increased as the nail is pulled out. The tapered tip helix, contrary to the 
expectations, does provide some contribution to the pullout capacity of the nail as indicated by 
loadcell measurements. 
8. An interesting aspect of the loadcell results is that the confining stresses are gradually 
decreased at the beginning of the pullout test and subsequently increased after some displacement. It 
is generally observed that the shape of the stress is not symmetrical and, apparently, the screw nail 
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induces tension stresses in the sand around the sides and top half of the nail and compression stress 
towards the bottom of the nail. 
9. Measurement of the deformation and shear zones show that the failure surfaces of soil nail 
shifted about 32 to 50 mm on average between the two helices into the surrounding soil. Shear zones 
for the screw nail tend to be deeper into the surrounding soil that results in larger soil-nail diameter 
than in the conventional nail-soil interface. The screw nail minimises the remoulding of the soil 
around the helices and, therefore, results in better soil-nail interface interaction mechanism.  
10. The width and shape of a shear zone in soil are altered by the nail-soil bond. The actual 
deformation pattern of the nail-soil can be described by a smooth asymptotic curve in the region 
before the rear helix. These types of deformation patterns differ substantially from the simple shear 
deformation pattern assumed in previously published models in the area of foundation anchors. 
11. Based on the results of the apparent coefficient of friction calculated from the pullout tests 
and their comparison with published data indicated that the pullout test result for the screw nail is very 
good and that the pullout test is the more appropriate method of obtaining design values of interface 
friction.  
12. The apparent cohesion observed in laboratory is markedly higher than that derived from 
the data established in the literature for other nail types such those like grouted nails. The value of the 
cohesion angle controls the factor of safety with respect to the failure mechanism by slippage. 
However, the values of the angle of interface friction, for factors still not definitively known, are 
found to be decreasing with the surcharge pressure. This result is similar to the data published in the 
literature.  
13. The screw nail results in significant performance in pullout capacity over the conventional 
grouted soil nails. The potential for economical use of the nail would appear particularly great for 
areas where access is limited, rehabilitation of existing structures such as retaining walls and areas 
where soil drainage capability of the soil is required for the enhanced performance. 
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14. A three-dimension finite element analysis of soil-nail pull out was conducted under soil 
self-weight and surcharge conditions. The soil stress and displacements were obtained from the soil-
nail pull out model. The theoretical results show that the deformation and stresses around the soil nail 
are different when compared to the conventional soil nails. 
15. The results of the finite element analysis show that the stresses and strains initially 
develop at the helices and spread out as the failure progresses as a result of the application of the 
pullout load. The results of the finite element analysis compare very well with the results of the 
laboratory tests. 
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NOMENCLATURE 
All the symbols and notation are defined where they first appear in the text. Metric units to 
the SI system have been used. 
α Face batter angle from vertical, also adhesion factor 
β Back slope angle, also load factor 
γ Bulk unit weight (kN/m3) 
γ' Effective unit weight (kN/m3) 
γd Dry unit weight (kN/m3) 
δ Deflection or settlement, also apparent friction angle with superscript 
ε Normal strain 
θ Slope angle () 
κ Index 
λ Index, also fitting factor (m-1) 
μ Friction coefficient. 
ν Poisson’s ratio 
ρ Soil density, also with subscript 
σn Normal stress (kPa) 
σ1 Principle stress (kPa) 
σ3 Principle stress (kPa) 
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τ Shear stress (kPa), shear resistance 
ϕ' Effective friction angle 
ϕcs Critical state frictional angle 
ϕp Peak friction angle 
ϕds Direct shear friction angle 
ϕps Plane strain friction angle 
ψ Soil dilation angle () 
A Area 
B Width 
AS Australian Standards 
ASTM American Society for Testing and Material (international standards 
organisation) 
BSI British Standards Institution  
c Cohesion soil strength (kPa) 
cc Coefficient of curvature (-) and also compressive index 
Cu Undrain shear strength(kPa), also coefficient of uniformity 
Cv Coefficient of consolidation (m2/yr) 
CPT Cone penetration test 
D Nail diameter. Soil grain diameter 
D10 Effective particle size 
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D50 Average particle size 
e Void ratio (-) 
E Young’s modulus (MPa) 
FS Factor of safety (-) 
F Factor (-) 
f Friction coefficient (-) 
G Shear modulus (MPa) 
Gs Specific gravity of soil (-) 
H Wall or excavation height, also sample thickness 
I Factor 
kt Empirical torque coefficient (m-1) 
k Hydraulic permeability (ms-1), also soil stiffness (kPa) 
Ka Active earth pressure coefficient (-) 
Kp Passive earth pressure coefficient (-) 
K0 At rest earth pressure coefficient (-) 
L Nail length, shaft length  
LI Liquidity index (-) 
LL Liquid limit (%) 
m Mass, with subscript 
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mv Coefficient of volume compressibility (m2/MN) 
n Number of helix 
NC Normally consolidated soil 
OCR Over consolidation ratio (-) 
P Perimeter (m) 
p Mean triaxial stress ൌ ߪଵ ൅ 2ߪଷ 3⁄  
q Deviatoric or shear stress ൌ ߪଵ ൅ 2ߪଷ 3⁄  
PI Plasticity index (-) 
PL Plastic limit (%) 
qa Allowable pullout resistance (kPa) 
qb Base resistance (kPa) 
qu Ultimate pullout stress resistance (kPa) 
Qb End bearing resistance 
Qf,s Skin shaft friction 
Qu Ultimate load capacity 
su Undrain shear strength 
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1 Introduction 
 
1.1 Background 
Soil nailing is a relatively new versatile construction technique to retain, rehabilitate and 
stabilise natural and man-made earth structures. After its initial development in Europe, the method 
has been adopted in many countries and routinely used in many construction projects where 
stabilisation of slopes and excavations are required. The conventional process of soil nailing simply 
comprises inserting reinforcing inclusions to passively strengthen soils. The inclusion of nail is 
typically in the form of reinforcement steel bar that is placed at an angle below horizontal in a drilled 
borehole and subsequently encased in cement grout. From a design perspective, the ultimate pullout 
capacity of a nail is of prime practical importance. It is only determined by field pull-out tests and, 
hence, the average mobilised friction strength is evaluated over the entire length of the soil nail and is 
taken as the design value. It is well reported that this value is highly dependent on the complex 
internal friction mechanism developed at the soil-nail interface. This interface shear behaviour is 
somewhat well known for the conventional grouted nails and can be estimated with a certain degree 
of accuracy. However, for more complicated nail shapes, very little is known about this mechanism 
that generates the pull-out resistance force.  
One of the many drawbacks of the conventional soil nail is the performance of these type of 
soil nail is very dependent on the soil types and the construction processes among all other  factors 
such as overburden pressure, grout pressure, nail roughness, soil moisture, dilation and nail bending 
that are known to influence the soil nail pullout resistance. Further, the construction processes 
required make this type of soil nail rather uneconomical and often unsuited for some ground 
conditions. In order to overcome some of the intrinsic problems with the conventional soil nails, a 
new design of soil nail was proposed and it was fabricated to conduct laboratory pull-out test using 
cohesive and non-cohesive soils.  
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Other shortcoming of the conventional soil nail is that as a result of the actual drilling process 
the surrounding soil stresses are relieved. This phenomenon results in what is known as ‘bridging’, 
where the pullout resistance becomes independent of the surcharge pressure and that only a limiting 
value is reached. This problem is made worse if at the grouting stage, where the grout is allowed to 
flow under gravity at low pressures to fill the voids. This could compromise the structural integrity of 
the nail and its compressive strength. Many defects can also result from the installation of the nail. 
One difficulty in the installation of nail is the placement of bar centralisers and the effect of poorly 
centralised bar is reduced bending strength of nail and the potential to cracking of grout and 
subsequent breakage of nail. 
It is well known that earth retention incorporating soil nail construction is unfavourable in soil 
conditions consisting of silt, sand, gravels, cobbles, and boulders. The difficulty is that it is very 
difficult if not impossible to install a grouted soil nail in these types of soils. The main design 
philosophies behind the development of the screw soil nail were to allow for easy installation 
particularly in these types of soil conditions, to minimise ground disturbance and to enhance the soil 
around it to allow the maximum soil strength parameters to be utilised. The tapered head of the screw 
nail allows for the soil to be pushed out rather than turn and displace. It was therefore envisaged that 
the screw nail will perform better than either of the soil nail systems due to minimal soil disturbances 
and hence there is minimal loss of shear resistance due to soil remoulding. Other advantages the screw 
nail offer is that the penetration and torque are optimised for this type of system and it will also 
eliminate ‘bridging’ as is normally the case with the grouted soil nails due to stress relief because of 
pre-drilling work. 
In Hong Kong and other rapidly developing cities are being built around fill slopes and earth 
retaining structures in which the material is known as completely decomposed granite, which can be 
classified as silty sand with some gravels. Junaideen (2004) reports a case in point that many of fill 
slopes have failed due to rainfall causing a reduction in shear strength of soil. In these kinds of fill 
slopes, and perhaps many other sites with different ground geology, the remedial works are either 
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very time consuming or not possible due to limited access and obstructions such as trees and 
underground services. 
One potential solution for the fore-mentioned fill sites is through the use of conventional 
grout soil nails for stabilisation work. However, as reported in the literature that the conventional soil 
nailing technique has a number serious drawback that has not yet been properly understood. Hong et 
al. (2013), for instance, carried out both field and laboratory tests to investigate the effects on grouting 
and overburden pressures on the conventional grout nails. It was found that the pullout resistance 
increased linearly with the grouting pressure, but the overburden pressure did not influence the pullout 
capacity. However, Yin and Zhou (2009) carried out similar laboratory study on similar material and 
found that both grouting and overburden stress have influence on the pullout resistance. Su et al 
(2008) observed from experimental study that the construction processes of soil nail induced 
significant stress relieve in the soil and that the pullout shear resistance was not dependent on the 
overburden pressure. Junaideen (2001) reports that even though the conventional soil nailing is 
extensively used in Hong Kong for reinforcing slopes and earth retaining walls, but there is a lack of 
understanding of the interaction of soil nail in loose fill. It is therefore clear from the experimental and 
field test results reported in the literature that there is no unanimity of results in the factors influencing 
the pullout behaviour of conventional soil nail. 
Liquefaction of soil poses major geotechnical hazard around the world that is triggered by 
various cyclic (earthquake) and static (flow) mechanism. Large deformations (strain softening) and 
sharp reduction in effective soil shear strength without any warning can result as a consequence of 
increase and redistribution of the pore water pressure.  
In considering these problems, a potential solution could be the use of the screw soil nail that 
can be effectively used for the fill sites to increase the safety by eliminating pore water pressure build 
up and providing additional stability against failure. Additionally, it is well suited to specialist 
applications such as rehabilitation of distressed retaining structures. 
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Important features of the screw nail is the tapered stem and tip helix. The tip helix consists of 
three plates of which the first two are tapered and the last is not tapered. The thickness of the smallest 
tip helix is also designed to be thinner and tapered to cut the soil and extend it outward to provide a 
flight path for the following helices to pass through and further compress the surrounding soil. The 
sole purpose here is to create an optimum soil nail interaction resulting in better pullout resistance. 
The general geometry of the screw nail such as the helix and pitch distances was chosen 
based on the work of limited investigators in the field of foundation anchors and flight augers. It was 
therefore important that the helix geometry provide the downward force or thrust that pulls the soil 
nail into the ground. In order to advance the screw nail and increase interface shear strength, the tip 
helix must be designed so that the spiral with a uniform pitch to be maximised to increase efficiency 
during installation. If the helices are not designed well, it will remould and remove soil during 
installation and as the nail pass through the soil the only disturbance to the soil is densification rather 
than remoulding that is the opposite effect. It was with this understanding that the head was designed 
in the tapered form to allows for the soil to cut out rather than remould and displace. The main feature 
of the tapered head is that it consists of three helices with each helix having different plate 
thicknesses. 
A thorough search of the literature in the areas of soil nailing and the foundation anchors 
reveal that very little is known about the mechanism that generates the pull-out force. In order to 
identify the mechanisms that generate the pull-out force, the specially designed soil nail was 
fabricated and laboratory pull-out tests were conducted using sandy and clayey soils with the full 
instrumentation. This novel design offers very efficient, cost effective and environmentally friendly 
alternative solution to the existing soil nail practice. 
Design of helical soil nails differs from the conventional or grouted soil nails. It is understood 
that for the grouted nail the bond strength is developed at interfaces and for the helical it is assumed to 
develop at the helices. As yet, there have been no studies undertaken to understand the fundamentals 
of the mechanism involved in the analysis of helical soil nail. To this end, an experimental study of 
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the fundamental behaviour of a new helical soil nail so called screw nail have been conducted using a 
large shear box. A brief list of the objectives of this study is described in following section. 
 
Figure  1.1.1: A model of the new screw soil nail. 
1.2 Objectives 
The research described in this thesis focused on the bond resistance as well as the shape and 
extent of the failure mechanism of screw nail in sand and residual clay materials. Laboratory pullout 
tests and numerical modelling were carried in order to investigate these parameters. 
The major objectives of this research are to (a) study interaction between soil and a new type 
of nail, namely screw nail, by carrying out laboratory pullout tests in cohesive and non-cohesive soils; 
(b) determine the nail pullout resistances and its comparison with other known nail type; and (c) carry 
out three-dimensional finite element analysis to simulate the soil nail pullout tests under different 
loading conditions and compare the results with the results obtained from the laboratory pullout tests.  
The following more specific issues studied were to: 
1. Develop a new screw nail model and study the soil-nail interaction mechanism considering 
factors such as dilation, nail bending, overburden surcharges and soil stresses, 
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2. Study pullout resistance of the new screw nail in two different soil types under different 
overburden pressures, 
3. Investigate the stress changes in the surrounding soil during the nail installation and pullout, 
4. Investigate the shearing deformation mechanism of the surrounding soil as a result of the 
screw nail pullout force, 
5. Simulate the pullout behaviour of the screw nail by finite element analysis, 
6. Study and compare the failure mechanism by finite element analysis, 
7. Evaluate the stresses in soil by numerical simulation and compare with the laboratory pullout 
tests, and 
8. Compare the pullout capacity of the screw nail with the published test results. 
 
1.3 Thesis organisation 
The thesis is set out in the following chapters: 
Chapter 1: Introduction. This chapter briefly present the background information and the 
objectives of the research presented here. 
Chapter 2: Literature review. The literature review provides an outline the past and current 
research on the subject of soil nailing and laboratory testings. The chapter begin with a brief summary 
of the historical development and the applications of the various soil nailing methods. The current 
design methods and standard proof tests summarised and main research work on the behaviour of the 
failure mechanism of soil nails by the means of field, laboratory and numerical testings are reviewed. 
Chapter 3: Apparatus. A summary of the apparatus and special instrumentations used in the 
laboratory experiment is presented. The details of the large shear box and the screw nails as well as 
the load cells and strain gauges are discussed. 
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Chapter 4: Testing Procedures. The preparation, setup, installation and testing of the 
experimental work is presented. Special technique is discussed that was developed independently to 
cast vertical thin lenses of coloured sand into the large shear box. 
Chapter 5: Material Testing. A full suite of laboratory testings to characterise the soils used in 
the experiment are discussed and the results are presented in this chapter. 
Chapter 6: Results of Pullout Tests in Cohesive Soil. The results of the screw nail pullout tests 
and the soil stress measurements in residual clay soil are analysed and discussed. The results are 
compared and evaluated with the work of other investigators.  
Chapter 7: Results of Pullout Tests in Non-cohesive Soil. The results of the screw nail pullout 
tests in sand are analysed and discussed. Also, the soil stress measurements and shape of the shearing 
failure zones are presented. The results are compared and evaluated with the work of other 
investigators. 
Chapter 8: Numerical Simulation. A three dimensional (3D) finite element model was created 
to simulate the screw nail pullout tests. The model mesh, simulation procedures, material constitutive 
models and parameters are presented. The model verification with the laboratory pullout tests and the 
results of the pullout tests as well as the stress variations and the deformation patterns are compared 
and discussed.  
Chapter 9: Summary and Conclusion. A summary of the presented research and the main 
conclusion drawn from it are presented in this chapter and suggestions are made in regards to further 
potential research work that are considered very valuable in the area of soil nailing. 
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2 Literature Review 
 
2.1 Introduction  
Soil nailing is an in situ reinforcement technique that in the usual definition of the term is an 
annulus soil inclusion in the form of a bar and grout. Since its inception in the 1960, soil nailing has 
been increasingly used to stabilise slopes and excavations similar to an anchor system. The difference 
being, off course, that soil nailing is a passive system and that unlike anchoring, it is not prestressed. 
The construction of soil nail generally involve drilling of an inclined bore into the soil, insertion of 
reinforcing bar, infilling of the bore with grout, affixing nail head to a bearing plate and shotcreting 
the soil face. Many other soil nailing techniques have also been developed and used. One such as 
method is placing nail in soil by firing using compressed air gun. 
One of the least understood aspect of soil nailing is the fundamental aspect of the soil-nail 
interaction that determines the pullout resistance of a nail. The mechanisms of interaction are 
particularly complex for complex geometries such as the screw nail. Hence there are several existing 
approaches that have been used to investigate this soil-nail interaction and could be categorised as: 
a) Full scale field, where comprehensive and full scale experimental testings of soil nail is 
carried out over several years. The French Clouterre research project is a typical example of 
this type of research experiment, 
b) Large scale laboratory pullout test, 
c) Direct shear box test, 
d) Centrifuge, and 
e) Numerical. 
This chapter reviews the development history of the soil nail and a brief review of the helical 
foundation anchors that can be thought of having similar behaviour under pullout load, despite the 
fact that there are several differences that will be stated in later sections. The other aim of this review 
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is to identify the current state of soil nail testings and in particular any work in the area of screw 
nailing. 
2.2 History of Soil Nail 
The concept of the soil nailing as a construction technique in civil engineering seems likely to 
have developed from the rock bolting system of underground excavation referred to as the New 
Austrian Tunnelling Method (Rabcewicz, 1964, 1965; Schlosser and Bastick, 1991; Xanthakos et al, 
1994 and Kovari, 2003). This tunnelling method consists of the installation of passive (i.e., not 
prestressed as for ground anchors) steel reinforcement in the rock followed by the application of 
reinforced shotcrete. This concept of combining passive steel reinforcement and shotcrete has also 
been applied to the stabilization of rock slopes since the early 1960s (Lang, 1961) and this type of 
ground-support, because it is prestressed,  relies on the mobilization of the tensile strength of the steel 
reinforcement at relatively small deformations in the surrounding ground. This combination of passive 
reinforcement and shotcrete when applied to soil is termed soil nailing. 
Although soil nailing is a relatively new method of soil reinforcement, but it has been adopted 
by civil engineers in variety of projects including railway and highway embankments (Rabejac and 
Toudic, 1974; Stocker et al, 1979; Cartier and Gigan, 1983; Schlosser, 1983), retention of excavations 
for high rise buildings and underground services (Gassler, 1995; Jones et al., 1991; Gannon, 1995; 
Barley et al , 1997; Zhang et al., 1999; Elias and Juran, 1991; Liu et al, 2014; Stephens et al, 2013; 
Wang et al ), tunnels (Sterpi, 2013; Barley and Graham, 1997; Ng and Lee, 2002), cliffs (Warner and 
Barley, 1997), landslides (Barrett and Devin, 2011, Barrett et al, 2013; Birchmier and Lobato, 2014; 
Turner and Jensen, 2005) and repair of retaining walls (Gannon, 1995 and Johnson et al, 1998) among 
several others. 
The first applications of soil nailing were in France and Germany and it spread quickly all 
around the world. With an ever increasing use of the soil nailing technique, their design started to 
evolve in the early 1970s with the systematic research involving both full scale field and model tests. 
Some of the earliest research was carried out in Germany and in France and subsequent 
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developmental work was initiated in USA in the early 1990s (FHWA, 1994) and in same years in 
Hong Kong (GEO 2008).  
In Hong Kong, landslide incidents that caused several hundred deaths resulted in the 
government to take actions to mitigate and prevent landslides. As a result, the government allocated 
resources to establish an organisation to undertake the prevention and safety of landslides. 
Consequently, a geotechnical engineering office or GEO was established in 1977 to introduce 
legislations to monitor all aspects of soil nailing right through from the investigation phase to design 
and maintenance of slopes in Hong Kong (GEO, 2008).  From early 1990s till as recent as 2009, the 
GEO has launched extensive research programs to understand the landslide mechanism and better 
design retention systems as well as developing management system in mitigating geo hazards. 
One of the first applications of soil nailing was in 1972 for a railroad widening project near 
Versailles, France, where an 18-m high cut-slope in sand was stabilized using soil nails (Unterreiner 
et al, 1995; Rabejac and Toudic, 1974). Because the method was cost-effective and the construction 
faster than other conventional support methods, an increase in the use of soil nailing took place in 
France and other areas in Europe. In Germany, the first use of a soil nail wall was in 1975 (Stocker et 
al., 1979). The first major research project titled Bodenvernagelung on soil nail walls was undertaken 
in Germany from 1975 through 1980 by the University of Karlsruhe and the construction company 
Bauer. This investigation program involved full-scale testing of experimental walls with a variety of 
configurations and the development of analysis procedures to be used in design (Gassler, 1993; 
Gassler and Gudehus, 1981; Schlosser and Unterreiner, 1991). In France, the Clouterre research 
program, involving private and public participants, was initiated in 1986. This research effort 
consisted of full-scale testing, monitoring of in-service structures, and numerical simulations 
(Schlosser, 1983; Clouterre, 1991). In the USA a similar full scale experimental study on an 
instrumented wall was carried out by Shen et al (1981). 
Pioneering applications of soil nail walls in North America were for temporary excavation 
support in Vancouver, Washington in the late 1960s and early 1970s. One of the first published 
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applications of soil nailing in the United States was the support of the 13.7 m deep foundation 
excavation in dense silty sands for the expansion of the Good Samaritan Hospital in Portland, Oregon 
in 1976 (Byrne et al, 1998). The use of soil nail walls has substantially increased in the United States 
during the last decade because it has been demonstrated that soil nail walls are technically feasible 
and, in many cases, a cost-effective alternative to conventional retaining walls. Design engineers are 
becoming increasingly familiar with soil nailing technology. 
The widespread use of soil nail walls today in the USA is probably due in large part to the 
efforts of FHWA. The first FHWA document on soil nailing was issued through FHWA’s research 
(Elias and Juran, 1991). The objective of this was to disseminate information to U.S. highway 
agencies and practitioners on the use of this technique as a retaining system in highway projects. In 
1993, FHWA sponsored an English translation of the French practice summary on soil nailing 
(FHWA, 1994, Byrne et al, 1998). In 1994, a soil nail manual was issued by Porterfield et al. (1994).  
German research project named ‘Bodenvernagelung’ that literally meaning soil nailing was 
set up in 1975 to study and develop new technique for practical applications of soil nailing. It findings 
were later published and presented in many conferences by Gassler (1988, 1990, 1991, 1992, 1995).  
In France many practical projects on soil nailing was carried out for the retention of unconsolidated 
soil and in North America they were used for temporary support of excavations in late 1960s. In the 
1970s and 1980s soil nailing continued to gain wider recognition for large projects especially highway 
projects and soil nailing has been used successfully in temporary and permanent applications. In those 
earlier years, most of the research in soil nailing was carried out was largely funded by government 
and state agencies such as the Federal Highway Administration (FHWA) in USA and the Hon Kong 
government.  
A comprehensive summary of the various aspects of soil nail has been described by Bruce 
and Jewell (1986) and a similar attempt was made by Gassler (1990). 
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2.3 History and application of helical soil nail 
Helical anchors were first used by A. B. Chance (1977) as tiebacks, but helical soil nails are a 
relatively new alternative to grouted soil nailing with the first documented use for a 6.7 m high 
permanent soil nail wall project in 1996 (Bobbitt 1996). The first known report of its construction and 
instrumentation was in 2005 by Missouri Department of Transport (MnDOT), Deardorff (2010).  
Stephens et al (2013) investigated the performance of twisted pipes in the form of spirals that 
were driven into a 6 m high excavation constructed by compaction sand material. The spiral nail 
depicted in Figure  2.3.1 was instrumented and the load-displacement characteristics were compared to 
the grouted nail. The spiral nails were 64 mm in section and were twisted ¼ turn for every 305 mm 
length of steel tube that had a thickness of 5 mm. 
 
Figure  2.3.1: Spiral nail (Stephens et al 2013) 
Snailz software (section  2.15) was used to undertake the spiral nail design analysis and as a 
result based on the acceptable factor of safety by the Snailz a total length of 4.6 m was adopted and 
the installations were proceeded in a rectangular fashion.  The in situ density of the fine-medium sand 
was measured to be 20.5kN/m3 and the friction angle (ϕ) was 42. At the completion of the 
embankment construction, SPT and CPT (section  2.6.7) were conducted at the site together with an 
installation of inclinometer.  
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Pullout tests were conducted on 30 per cent of the installed spiral nails and load-displacement 
curves and their ultimate bond resistance were determined. Table  2.3.1 exhibits all the results of the 
pullout tests as well the bond stress and the coefficient of friction for the spiral nails. 
Table  2.3.1: Summary of pullout tests on spiral nails (Stephens 2013) 
 
The deformations of the spiral nailed wall were measured during the construction and up to 
12 moths post construction. The measured horizontal deformations were about 11 mm at the end of 
construction and it increased to 13 mm about 12 months after the completion of the construction. It 
was concluded that the spiral reinforcement performed comparably to the conventional grouted nail. 
2.3.1 Pullout capacity 
The design methodology of soil screw retention system is not well established as the 
fundamental mechanism of the screw nail is not well understood. AB Chance (2015) for instance, 
adopts the design methodology same as the limit equilibrium approach used to evaluate the stability of 
other reinforced soil nail system and specifically the deformation mechanism is suggested to be not 
different. However, for the analysis of the pullout resistance a different methodology that was 
developed for foundation anchors (see section  2.16) is used as well as the monitoring of torque during 
soil nail installation. This use of torque in calculating the nail capacity is incorrect as soil nails are 
installed only based on the length of the soil nail and its pullout resistance in the passive zone.  
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Nevertheless, AB Chance (2015) adopts the method of estimating the pullout capacity of an 
anchor presented by Clemence (1985) based on the reasons of easy application and the prediction of 
results with the actual field test results. 
 
Figure  2.3.2: Soil screw retention system developed by AB Chance (2005) and used by Deardorff et al 
(2010). 
Deardorff et al (2010) presented the results of an instrumented helical soil nail wall 
constructed for a road project in Missouri. The walls were about 3.7 m high at the centre section and 
the wings tapered down steeply at both end. Six inclinometer and load cells were installed in the two 
sections of the wall at two ends and the centre.  Design analysis performed with Snailz (section  2.15) 
required two rows of helical nails 3.5 m long with the design loads of 67 kN, but the actual lengths 
installed ranged from 4.3 m to 6.6 m. Nails were tested for load capacity and creep. 
Load cell readings were taken and the average values ranged from 13.52 kN to 35.32 kN and 
the inclinometer readings showed the maximum displacement for the two walls to be about 14.9 mm 
15.6 mm horizontally. 
2.4 Elements of Soil Nail 
The soil-nail system consist of the following basic elements: (a) Reinforcement bar, (b) Bar 
connector or coupler, (c) grout, (d) grout sleeve, (e) nail head connecters (hex nut, washer and plate) 
and (f) face mesh and grouting. 
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Figure  2.4.1: Typical construction details of conventional soil nail (FHWA, 1994). 
The solid steel reinforcing bars are the main component of the soil nail wall system. These 
elements are placed in pre-drilled holes and grouted in place. Tensile stress is applied passively to the 
nails by the soil mass in the active zone during the excavation stages. Also, the nail head is threaded at 
the end of the soil nail that protrudes from the wall facing and hex nut, washer and bearing plate 
components attach to the nail head and are used to connect the soil nail to the facing steel mesh. 
Grout is placed in the pre-drilled borehole after the nail is placed. The grout serves the 
primary function of transferring stress from the ground to the nail. The grout also provides a level of 
corrosion protection to the soil nail. Additional corrosion protection measures are provided by using 
grout sleeves, which are made from corrosion resistance materials. 
Prior to the nail installation, grout is sprayed on the unsupported excavation prior to 
advancement of the excavation grades to temporarily support the exposed soil provide bearing surface 
for the bearing plate. The permanent facing is placed over the temporary facing after the soil nails are 
installed and the hex nut has been tightened. 
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The facing in the nail retaining system mainly depends on the application and soil types. The 
four types of facing that are currently used are shotcrete, welded wire mesh, reinforced concrete and 
prefabricated concrete or steel panels (Juran and Elias, 1991). 
Geo-composite strip drainage is placed prior to application of the temporary facing to allow 
collection and draining of seepage water that may exert additional unwanted load on the soil nail. 
2.5 Soil Nailing Construction 
Soil nailing is inherently a top-down construction. The construction starts by creating a bench 
from the ground down and installing the first rows of nails. The maximum height of the bench is 
normally not more than 2 m and this procedure is repeated until the final design level is reached. Soil 
nailing is predominantly carried out by either of the following processes: 
1. Drilling and grouting 
2. Jet Grouting, and 
3. Driving. 
Regardless of which of the above processes are adopted, but the actual constructions stages 
for all the three processes are same as shown in Figure  2.5.1. 
 
Figure  2.5.1: Typical soil nail wall construction sequences (Clouterre, 1993). 
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Drilling and grouting evidently consists of placing a reinforcement bar, typically 15-45 mm 
diameter, in a predrilled hole, typically 100-250 mm diameter, and filling the hole with a design mix 
grout that have varied consistency and may have admixture to enhance the grout properties. The grout 
mix is designed to flow under gravity and to set in minimum time frame so that construction work is 
not delayed. The grout also serves as a protection agent against corrosion in adverse or corrosive soil 
environment. The drilling of hole for the grout is done with rotary flight augers and wash-boring 
depending on the ground conditions. Plastic or steel spacer or centralisers are also used to keep the 
reinforcement bar in the centre of the hole prior to grouting. 
The main difference with the jet grouting is that in the jet-grouting the hole is created by 
vibrating or hammering of appropriate reinforcement bars and grouting at high pressure. The nails are 
composite made of core steel rods and outer grout shells. The grout is injected through a longitudinal 
channel (few millimetres) in the reinforcing rod under a high pressure that causes the surrounding soil 
to expand. The jet-grouting process, hence result in compaction the soil and increases the pullout 
capacity significantly.  
As the name implies, the driven nails are small diameter bars or rods (15-45 mm) that are 
driven into ground by means of compressed air and this method does not require any grouting. The 
main design criterion for this method is that the reinforcing bar needs to be ductile and high strength 
in order to avoid installation failures. They are typically spaced at 2-4 bar per square meter and the 
limitation is the length of bar and the presence hard soil layers or boulders. Also, it is difficult to know 
if the rods when driven penetrate the soil in straight-line fashion or deviate and converge to a 
particular direction. 
Soil nails are typically installed at an angle of 10 to 20 degrees from the horizontal. This 
range of inclination will ensure the grout can flow towards the bottom of the drill holes. Any 
inclination smaller than 10 degrees, significant grout voids can be created, which will greatly affect 
the load capacity of the nail and also reduce the corrosion protection provided by the grout.  
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Nail length, on the other hand, can be selected as either uniform or variable. Uniform nail 
lengths are used in areas where excessive deformations are not a consideration or concern because of 
competent ground conditions and absence of nearby structures sensitive to ground movements. In 
such situations it is considered beneficial to adopt uniform nail lengths from the point of view of 
construction simplicity and quality control. If the wall deformation is critical, then a variable nail 
system can be selected and field measurement data indicate that wall displacements can be 
significantly reduced if the nail length in the upper 65 to 75 percent of the wall height area greater 
than those in the lower part of the wall (Byrne et al, 1998; Lazarte et al, 2003). The minimum nail 
length in the lower part of the wall is 0.5H. The nail spacing and installation arrangement depend on 
the ground surface profile, existence of ground utilities and the existence of corners. 
The horizontal and vertical nail spacing (Sh, Sv) are kept same and is typically ranges from a 
minimum of 1 m to maximum of 2 m with routinely adopted and preferred spacing of 1.5 m. For 
driven nails the spacing is normally around 0.5 m. The spacing in the two directions are usually 
chosen so that the influence area is Sh×Sv ≤ 4 m2. The minimum and maximum distances are specified 
to ensure the group effects that reduce the loads of individual soil nails and to effectively support the 
lateral earth pressures and the imposed surcharge loads. 
2.6 Soil nail design and analysis  
Soil-nail retention systems are designed to satisfy the requirements of stability, service and 
durability through the different phases of their design life.  Other issues like the cost and the 
environmental impacts are also critical in the design of the retention systems.  
In general, the design of soil-nailed structures involves consideration of multiple failure 
modes as shown in Figure  2.6.1. Therefore, the design of the retention systems involves 
characterisation of the soil conditions and analysis that includes the determination of failure 
mechanism, pullout capacity and facing detailing. The failure mechanism (section  2.9) can either be 
internal or external. Mixed failure modes are also possible and it involve failures of the nails/facing as 
well as the reinforced soil.  
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External failure modes are generally analysed by limit-equilibrium methods for overall 
stability, as well as for stability against failure of the reinforced soil mass in bearing or by sliding. 
Internal and mixed failure modes involve analysis of the nail tendon tensile strength, grout to tendon 
bond, ground to grout bond, pullout resistance and nail head strength in addition to consideration of 
overall stability of the reinforced soil mass. 
On the other hand, internal failures those refer to the failures of the reinforcement elements in 
both the active and passive zones (see Figure  2.9.1 in section  2.9.1) are designed by various 
theoretical and empirical methods.  
The first soil nailing design methods to emerge in the early to late 1970s were the Davis 
method, German method and the French method. All these method adopt what is known as the limit 
analysis design methods (Elias and Juran, 1991, Xanthakos et al 1994). These methods has been 
widely discussed in the literature by Schlosser (1982) and Clouterre (1991), French method; Gassler 
& Gudehus (1981), Gassler 1988, German method; Shen et al (1981), Juran et al (1990), Powell and 
Watkins (1991), Hong Kong; and Mitchell and Villet (1987), US. A more complex and cumbersome 
method of analysis is called the kinematical method and is described by Juran et al (1990). 
The commonly used design methods are based on the limit equilibrium approaches that do not 
directly consider the magnitude and distribution of nail forces and influence of the retaining wall 
facing elements. These design procedures involve different definitions of safety factors and different 
assumptions with regard to the shape of the failure plane, nature of soil reinforcement interaction and 
resisting forces in the soil nails (Juran et al., 1990). The kinematical limit analysis method by Juran et 
al is a working stress method that analyses the local stability at each reinforcement level and provides 
an estimate of the tension and shear forces developed in the nails.  
Several methods are used currently for the design of soil nail. All of the methods are based on 
the state limit equilibrium stability analysis with the consideration of the additional stability force 
provided by the soil nail and hence the important of the pull out resistance as a controlling parameter.  
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Slope stability can be carried out by one or several of the numerous approaches that can be 
categorised into the limit equilibrium method, limit analysis and finite element method. The methods 
are based whether the analysis is based on postulation of pre-chosen slip surfaces or without the 
predetermined slip surface. The oldest and the most popular slope stability analyses method is the 
limit equilibrium due to its simplicity and accuracy. 
The design of soil nail walls must incorporate all three aspect of stability of a soil nail wall. 
The three principal aspects of analysis include the global slope stability analysis (external failure 
modes), internal soil nail analysis and the external facing, shown in Figure  2.6.1. The ratio of 
stabilising and destabilising forces on the sliding soil mass is calculated as the factor of safety and 
there are many different approaches that are describe in the following sections. 
 
Figure  2.6.1: Three potential modes of failures for a soil nail system (Lazarte et al, 2003). 
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2.6.1 Earth pressure method 
The earth pressure method used in the design of conventional gravity retaining walls is a 
simplified empirically based method that can also be applied to soil nail walls. In this method an 
equivalent design earth pressure distribution is specified based on an assumed maximum line of 
tension (Byrne et al 1998). The location and shape of this maximum tension line is dependent on the 
geometry of retention system, reinforcement and on the distribution of applied force. For simple 
geometry, loading conditions and homogeneous material the maximum tension line can be drawn with 
certain degree of accuracy, but for complex and heterogeneous soils this method suffers from 
drawbacks. This method does not consider all possible failure slip surfaces, it is vitally critical that 
this maximum line of tension be defined accurately.   
2.6.2 Limit equilibrium 
The common design approach for the design assessment for earth retaining structures of all 
types is the limit equilibrium method. The method considers the global stability of potential failure 
zone of ground soil as defined by a slip surface profile. Some of the shapes of the failure slip surface 
include planar, bilinear with a two wedge slipping mass, parabolic, log spiral and circular.  The 
method has been successfully used in the conventional slope stability analysis of unreinforced slopes. 
It considers all internal, external and mixed potential slip surfaces and virtually all current design code 
and programs for soil nails are based on this slip surface limit equilibrium method. The limit 
equilibrium methods divide the soil mass above an assumed slip surface into a number of vertical 
slices and these vertical slices are assumed to be of infinitesimal width. These methods apply 
appropriate equilibrium equations (equilibrium of the forces and/or moments that are drawn on the 
free-body diagram of the postulated slip surface) and the equations are then summed for each slice, 
creating a statically determinate problem following some assumptions made on the interslice 
interactions. These assumptions made on the interslice forces for solving the equilibrium equations 
result in many methods, such as Bishop, Fellenius, Janbu and Morgenstern and Price (Budhu, 2007). 
By introducing the notion of the factor of safety for the entire sliding mass, global equilibrium is 
maintained for a system at the verge of failure. Long et al (1990) show a comparison of the numerical 
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results of the different methods that differences in the geometry of the slip surface do not result in 
large differences in their factor of safety calculations. 
The limit equilibrium method gives an upper bound solution (higher than the ‘true’ value) 
because a more realistic and efficient failure mechanism can result other than the one postulated by 
the equilibrium method. This approach makes use of a number of differing analysis methods 
depending on the type of problem to be solved. Full review of the early work can be found in Chen 
(2013) and Chowdhury et al (2009).  A brief summary of the limit equilibrium methods and their 
assumptions are given in Table  2.6.1. 
Table  2.6.1: Limit equilibrium methods and their assumptions, (Fredlund, 1984). 
Limit Equilibrium Methods Analysis assumptions 
Ordinary or Fellenius No interslice forces. 
Bishop’s Simplified Interslice forces are horizontal (No shear forces). 
Janbu’s Simplified Interslice forces are horizontal, empirical 
correction factor is used to account for the 
interslice shear forces. 
Janbu’s Generalised The interslice normal force is defined by an 
assumed line of thrust. 
Spencer The resultant interslice forces have constant slope 
across the sliding mass. 
Morgenstern-Price An arbitrary function is used to define the 
direction of the interslice force. 
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The equilibrium shear stress is equal to the shear stress required to maintain a just-stable slope 
and may be expressed as: 
߬ ൌ ߬௠௔௫ܨ   2.6.1
This equation  2.6.1 states that the equilibrium shear stress is equal to the total or maximum 
shear strength of soil divided or factored by the factor of safety. This factor of safety is the factor by 
which the soil strength must be reduced so that the reduced strength is in equilibrium with the shear 
stress τ and the procedures used to perform such calculations are known as the limit equilibrium 
procedures. 
The shear strength can be expressed by the well know Mohr-Coulomb equation and the above 
equation   can be written as: 
߬ ൌ ܿ ൅ ߪtanሺ߶ሻܨܵ   2.6.2
The above equation is for the total stress or undrained conditions. If the shear strength is in 
terms of effective or drained conditions, the equation is written in terms of the effective stress as: 
߬ ൌ ܿ
ᇱ ൅ ሺߪ െ ݑሻtanሺ߶ᇱሻ
ܨܵ   2.6.3
The factor of safety and shear stresses are calculated by assuming a slip surface and the 
equations of static equilibrium are derived and solved for that particular slip surface that is assumed 
for the slope under analysis.  
The factor of safety is assumed to represent an average value along the entire slip surface. 
Hence it is important that a number of different possible slip surfaces are analysed. The surface that 
produce the minimum factor of safety is called the critical slip surface and the corresponding 
minimum value represent the most likely sliding surface. 
The main shortcomings of the limit equilibrium method are that it does not provide any 
prediction on the displacements of the soil or the nail and it does not consider the displacement 
required to mobilise the resisting forces of the soil (Lazarte et al, 2003). 
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2.6.3 Limit analysis 
Alternatively, limit analysis can be used to analyse a slope without the assumption related to 
statics or postulations of a predetermined slip surface geometry. This method allows capture for 
complex soil profiles and geometries. Additionally, use of this method requires less iteration in 
comparison to the limit equilibrium and in turn it reduces the computational time. Limit analysis 
models soil as a material that is perfectly plastic and obeys an associated flow rule in soil material 
(Duncan, 2013). The solutions of the limit analysis are either upper bound or lower bound depending 
on the applied stress violating the soil strength criterion, for example Mohr-Coulomb, and the work 
along an admissible failure surface due to external loads is greater or equal to the work done by 
internal stresses. 
2.6.4 Kinematical limit analysis 
Recently kinematical limit analysis approach has been proposed for the design of soil nail. 
This approach assumes that the failure surface is defined by a log-spiral and that the failure occurs by 
a quasi-rigid rotation along the log-spiral slip surface (Juran et al., 1990). The method considers both 
shear and bending in the nail. This methods is considered to be theoretically complex and has not 
widely used by the practitioners. 
2.6.5 Finite element analysis 
Numerical methods provide approximate solutions that cannot otherwise be solved by the 
conventional methods because of complex geometry, material behaviour and in situ stresses. They 
also allow for detail analysis of creep deformation and dynamic loading. As computer performance 
has improved, the application of finite element in geotechnical analysis has become increasingly 
common.  
Slope stability analysis is performed by means of a technique called strength reduction 
method, where the soil is modelled as an elastic-plastic material and the gravity load is applied in one 
increment and the factor of safety is calculated by slowly reducing the shear strength of soil. As this 
strength is reduced, the soil deformations at a particular location increases and at a particular strength 
25 
 
value the deformations become very large. When this large deformations take place the reduced 
strength value is taken as the limiting value and the factor of safety is calculated (Duncan, 2013). 
The advantage of the finite element over the traditional limit equilibrium is that the failure 
surface is not pre-determined and the failure occurs along the path of reduced soil shear strength. 
Also, in finite element analysis there is no need for slicing of the sliding soil mass into vertical strips. 
Griffiths and Lane (1999) presents the theoretical analysis method of finite element that is 
based on the plane-strain elastic-plastic analysis with the Mohr-Coulomb used as the failure criterion. 
Duncan (2013) presents a detailed account of finite element analysis and the role of personal 
computers in the advancements and popularity of the numerical methods.  
2.6.6 Probabilistic Analysis 
The first research paper to treat the problem of slope stability in the stochastic method was by 
Vanmarcke in 1977 (Vanmarcke and Otsubo, 2013). This 3D probabilistic method was initially used 
for slopes with cohesive soils and was later generalised for all material types (Vanmarcke and Otsubo, 
2013). In this method the probability of failure is calculated based on an assumed slip surface or 
circular and the sliding soil mass is cut in discrete vertical segments as shown in Figure  2.6.2. 
 
Figure  2.6.2: Idealisation of slip surface discretisation in stochastic method (Vanmarcke and Otsubo, 
2013). 
The basic idea of the probabilistic treatment of failure is based on the probability density 
function of the factor of safety, where a series of expressions are derived for the mean and standard 
deviation of the safety factor and the probability of failure for a segment (as shown in Figure  2.6.2) is 
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calculated by the area under the probability density function of the safety factor for value below one. 
At some critical width of the segment, the probability of failure is at the maximum value. 
The main sources of uncertainty in the probability slope stability analysis is the spatial 
variation of the segment and the loading conditions such earth quake and flooding.     
2.6.7 Soil shear strength 
Shear strength is one of the most important parameter not only in the analysis of the slope 
stability, but also many other geotechnical applications such as foundations and soil reinforcement. 
This parameter is usually determined by subsurface investigation at the sites and supplemented by 
collection of representative soil samples for laboratory tests. The various field tests that can be used 
include standard-penetration-test (SPT), cone-penetration-est (CPT) and Vane shear test. The 
laboratory tests include direct shear tests and triaxial compression tests. It is known that the shear 
strength used in geotechnical applications vary on time. The short time parameter is called the 
undrained, cu, parameters and the long term is called the drained parameter and denoted as c and ϕ. 
The values of c and ϕ of a soil is influenced by its void ratio, mineralogy, pore fluid composition, 
structure, stress level, stress history, strain and rate of strain. The effects of increasing normal stress 
and the OCR ratio on the shear strength of soil discussed in details in many soil mechanic text books 
and can also be found in Budhu (2007). 
The shear strength is related to the above parameters via the famous Mohr-Coulomb equation: 
߬ ൌ ܿ ൅ ߪtanሺ߶ሻ  2.6.4
Shear strength of soil is strongly related to the stress history. The stress history when 
calculated theoretically is known as the over consolidation ratio (OCR).The shear strength of soils 
decreases from a peak to ultimate value at large strains. However, the decrease is marked only in the 
case of dense sands and heavily over consolidated clays and is not significant for loose sands and 
normally-consolidated (or normally-loaded) clays. The shear strength along a well-defined failure 
surface reduces at large displacements to a value referred to as the residual shear strength. This 
strength is considered to be independent of stress history and original structure. 
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Many devices have been devised over the years to characterise soils and to measure their 
strength and deformation parameters. The most popular among these are the VST, SPT, CPT, direct 
shear test, triaxial. More details on the VST will be given in later chapter. 
SPT test is the oldest test that was developed in the early 1900s and it is the most popular and 
widely used test. The test is performed by driving a split cylinder rod with a cutting ring attachment 
into the ground by a drop hammer. Continuous hammer blows are taken for 450 mm penetration and 
the SPT number is taken as the total number of blows for the last 300 mm penetrations. The drop 
height is about 760 mm and it weighs about 63.5 kg. For more accurate SPT results, the SPT values 
are adjusted or corrected for energy losses, borehole depth and rod length. SPT testing is quick and it 
can be performed in almost all soil types. Also, the soil retrieved in the split cylinder rod can be used 
to inspect the soil profile and can be used for laboratory tests. The results of the SPT tests have been 
correlated to various engineering properties, albeit with some inaccuracies. 
CPT test and its variants is a cylindrical cone with a base area of 10 cm2 and a cone angle of 
60 degrees. Like SPT test, it is attached to a rod and it is continuously pushed into the ground at a rate 
of 2cm/s. The cone measures the end resistance and the sleeve measures the skin friction of the soil. 
The piezocone is a variant that can also measure pore water measurement. CPT tests are used to 
estimate bearing capacity and settlement parameters of foundations. 
2.6.7.1 Effects of soil remoulding 
Thixotropy is the term to describe a well-known phenomenon where the strength of soil is 
reduced as a result of soil disturbance. The strength gain to the original state after the initial 
disturbance is a time dependant process and this strength increase with time after remoulding or 
compaction in soils (clay and sand) have been investigated by Mitchell (1960) and many other 
researchers. Mitchell (1960) reports that strength increase of up to 100% or more can occur and this is 
significant increase from the engineering perspective. The properties of a time-hardening or 
thixotropic material can be illustrated schematically in Figure  2.6.3.  A comprehensive study on the 
effects of various factors on the nature of this phenomenon can be found in Mitchell (1960). 
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Figure  2.6.3: The effects of soil remoulding on the strength of soil (Mitchell, 1960). 
2.6.8 Critical state, plane strain and direct shear angles of friction (ϕcv, ϕps, ϕds) 
There are two angles of friction that are described in Jewell (1989) are plane strain and direct 
shear angles of friction, for which the principal axes of stress and incremental strain coincide. The 
plane strain friction angle defines the Mohr-Coulomb failure envelop for the soil, and is same as the 
peak friction angle. The direct shear angle refers to the shearing resistance on the planes along which 
there is no linear incremental strain or there is zero extension in the soil. The critical state friction 
angle is defined by the residual shear strength of soil. 
The relationships between the plane strain angle of friction and the direct shear angle of 
friction derived from a Coulomb wedge analysis (Figure  2.6.4) for any soil are given by the following 
equations: 
tanሺ߶ௗ௦ሻ ൌ sin൫߶௣௦൯ cos
ሺ߰ሻ
1 െ sin൫߶௣௦൯ sinሺ߰ሻ  2.6.5
Or 
sin൫߶௣௦൯ ൌ tan
ሺ߶ௗ௦ሻ
cosሺ߰ሻ ൅ sinሺ߰ሻ tanሺ߶ௗ௦ሻ  2.6.6
 
There are many forms of the equation that are based on the flow rule (Jewell, 1989): 
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1. Rowe’s flow rule: 
tanሺ߶ௗ௦ሻ ൌ tan൫߶௣௦൯ cosሺ߶௖௩ሻ  2.6.7
2. Taylor:  
tan൫߶௣௦൯ ൌ sinሺ߶௖௩ሻ ൅ tanሺ߰ሻ cosሺ߶௖௩ሻ⁄   2.6.8
3. Stroud:  
tanሺ߶ௗ௦ሻ െ tanሺ߰ሻ ൌ sinሺ߶௖௩ሻ  2.6.9
4. Bolton: 
߶௣௦ െ 0.8 ߰ ൌ ߶௖௩  2.6.10
 
 
Figure  2.6.4: Active equilibrium state for smooth retaining wall, (a) horizontal forces, (b) planes of 
maximum stress and (c) the planes along which there is no linear incremental strain ( after Jewell, 
1989). 
The parameter ψ is the dilatancy angle of soil and is discussed in section  2.11.8. 
2.6.9 Displacement behaviour 
As soil nails are constructed in benches from top to the toe, the reinforced zone tend to move 
about the toe as rebalancing and mobilisation of tensile forces takes place within the soil nail. In the 
top part of the slope, the horizontal movement is the maximum and it decrease with the depth of the 
reinforced face. Most of the movements occur during the slope excavation processes. Some 
deformation, discussed in section  2.9, also occur post construction due to soil creep and stress 
relaxation. Vertical settlements at the top surface also occur and it is in similar order of magnitude as 
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the horizontal movement at the top of the wall. Table  2.6.2 presents the Clouterre recommendations 
for estimating the displacements of soil nail walls in various soil types. The typical displacements 
experienced by the soil nail walls are comparable to other types of retaining walls.  
Table  2.6.2: Displacements of soil nail wall for various soil types (Clouterre, 1991) 
Soil Types Weathered soil Sandy Clay 
δ (vert. & horiz.) H/1000 2H/1000 3H/1000 
Damping Coeff. C 1.25 0.8 0.7 
 
Generally the vertical and horizontal displacement are said to be dependent on the following 
factors: 
1. Wall height and geometry, e.g. batter slope angle; 
2. Soil types; 
3. Nail spacing, length and depth of the excavated benches; 
4. Nail inclination; and 
5. Magnitude of surcharge loads. 
The shape and magnitude of as well as the extent of the zone of influence is schematically 
shown in Figure  2.6.5. 
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Figure  2.6.5: Deformation characteristics of a soil nail wall (adopted from Schlosser, 1982). 
 The vertical and horizontal displacement are considered to be relatively small and very 
similar in magnitude when compared to other reinforcment systems such as anchoring. The adopted 
deformation are from Clouterre project and are are guidelines. Schlosser (1982) and Lazarte et al 
(2003) gave the following relationship for the extent of the vertical or settlement profile from the crest 
of the slope: 
ݔ ൌ ܪܥሺ1 െ tanߙሻ  2.6.11
Where C= coefficient given in Table  2.8.1 given above. 
In projects where there are excessive deformations likely to take place, then the soil nailed 
wall deformations can be reduced by increasing the batter slope and using longer nails in the top rows. 
Also, partially tensioning of soil nails can reduce the deformation too. 
2.6.10 Field load testings 
Pullout testings are carried to verify the theoretically and/or empirically calculated pullout 
capacity of soil nails by undertaking trial tests on nails installed in representative ground conditions at 
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the earliest stage of construction. The minimum requirements differ slightly in different countries. 
Typical frequency of testings is given in Table  2.6.3. 
Table  2.6.3: Pullout load testing guides for soil nails (modified after Barley et al 1997). 
Origin Test purpose Testing 
prior to 
production 
Frequency Bonded 
length 
Ultimate 
pullout 
values 
achieved 
Method of 
testing 
French Verification Yes Min 6 tests. 
(1-2 %)  
Full length 
(sacrificial) 
- Const. 
Displ. 
(ultimate) & 
Const. Load 
(Creep) 
Hong Kong Verification Yes <50, 3 nails 
50-100, 
6 nails 
>100, 
@ 6% 
 Typically 
2m 
(sacrificial) 
4 to 14 × 
design 
value 
Three load 
cycles held 
at peak for 
60 minutes. 
Test to 
1.5×design 
USA Verification No 8 nails in 
150m of 6-8 
rows 
Full length 
(sacrificial) 
0.8 to 1.5× 
design skin 
friction 
- 
 
The FHWA manual emphasises soil nail should be tested to verify design loads without 
excessive movements (serviceability limit state and ultimate limit state) and offers two forms of 
testing for ultimate and creep tests. These tests are undertaken in the forms of verification tests on 
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sacrificial nails prior to construction and proof testing during construction that can be sacrificial or 
production nails. 
 The Clouterre does not make testing compulsory and suggests testing be carried out in soil 
conditions where little is known in regards to soil nailing. It considers two methods that are constant 
displacement tests to assess the ultimate limit state failure and constant load test to assess the creep 
behaviour. All nails tested are on sacrificial nails and a minimum of 6 nails are used. Clouterre states 
that the objective of nail testing is to evaluate the ultimate values of the shear resistance τult where this 
can either be computed theoretically (section  2.9.2) or physically in pullout tests.  
2.7 Current standards 
Although there are many design manuals and recommendations pertaining to soil nailing, but 
there are still no standards available for soil nailing. These recommendations and design manual vary 
in their respective countries where it is produced. Some of the well-known published design manuals 
are presented herein. All of these codes employ limit equilibrium methods, discussed in section  2.6.2, 
(both strength and serviceability limit states) in their soil nail design. A summary of the soil nail 
design standards used in the different countries and their methods of analysis are given in Table  2.7.1. 
1. AS4675: Earth retaining structures. This Australian standard sets out the design criteria and 
provides guidance in design of earth retaining structures. This standard is more broadly 
related to the design and construction of structures to retain soil and rock and fill material and 
it is lacking in design details on soil nailing. The standard does not specify any a method 
analysis. 
2. BS8006 – Part 2: Code of practice for soil nail give recommendation and guidelines for 
stabilisation of slopes using soil nails. This is a British code and it covers all the different 
aspects of soil nailing. The code provide details on the application and construction 
considerations, ground and water conditions, designs including numerical and limit states as 
well as the design verification and testings. 
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3. FHWA: Byrne et al (1998) and Lazarte et al (2003) presented guidelines on the analysis, 
design, construction and testing soil nail walls. The guideline is a comprehensive technical 
document sponsored by the Federal Highway Administration in Washington. 
4. Geoguide7: Geoguide is the Hong Kong national standard on the practice of design, 
construction and monitoring of soil nailed systems. It is a culmination of many years of 
construction experiences into the soil nailing practice.  
5. French, Clouterre: This is a French research program that culminated in a national 
recommendations and guidelines for the design, construction and testing of soil nails. For 
details of this interesting research program is given in the following section. 
Table  2.7.1: Summary of various design standards and their analysis methods for soil nails (Pun and 
Urciuoli, 2008). 
 
2.8 Durability and corrosion  
Long term performance of soil nail relies heavily on its resistivity to aggressive environment 
and corrosion. Corrosion of soil nail, particularly the screw nail that is the subject of this research, is 
an important aspect of the soil nail design.  
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Corrosion is an electrochemical reaction where gradual loss of metal to metal oxide occurs. 
The reaction occurs in presence of electrolyte such as water and the rate of reaction is accelerated in 
the presence of electrolyte containing sulphate, chloride ions and other acidic and alkaline solutions 
that exhibit high electrical conductivity. The corrosion process thus can result in uniform surface or 
localised pit corrosions. The most corrosion prone area of the nail is said to be the un-bonded area 
around the nail head (Juran and Elias, 1991). FHWA and other standards therefore require that for 
permanent applications the un-bonded length of soil nails be protected and a variety of corrosion 
protection systems have been developed that are discussed in the following sections.      
The most common corrosion protection measures, nevertheless, are cement grout, sacrificial 
thickness of reinforcement, metal coating such as hot dipped galvanising zinc, non-metallic coating 
such epoxy and corrugated plastic sheathing (Pun and Urciuoli, 2008). Sacrificial steel is the most 
common procedure adopted to allow for corrosion by providing additional steel section. Table  2.8.1 
gives typical additional thickness of the sacrificial steel for different aggressive environment.  
Table  2.8.1 Sacrificial nail thickness for degrees of soil corrosion (Clouterre,1991) 
Class Soil character Service 
life<18months 
Service life 1.5 to 
30 years 
Service life 30 to 
100 years 
4 Little corossive 0 2 mm 4 
3 Fairly Corrosive 0 4 mm 8 
2 Corrosive 2 mm 8 mm Plastic barrier 
1 Strongly corrosive Compulsory 
plastic barrier 
 Compulsory 
plastic barrier 
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The cement grout used as part of the nail construction can provide some degree of protection 
against corrosion. However, shrinkage and tensile stress cracks may develop and cause corrosion of 
reinforcement. 
In Hong Kong, the common corrosion protection measures fall in one the following three 
categories (GEO 2008): 
(a) Class 1 – Hot dip galvanising with a minimum coating of 0.610kg/m2 plus corrugated plastic 
sheathing; 
(b) Class 2 – Hot dipping in zinc with a coating of 0.61kg/m2 plus a 2.0 mm sacrificial thickness 
of steel; and 
(c) Class 3 – Hot dipping in zinc with a minimum coating of 0.610kg/m2. 
The above corrosion protection measures are adopted on the results of soil agressivity, 
loading and design life of soil nails. 
2.8.1 Galvanizing or cathodic protection 
Galvanizing is the process of dipping the steel into molten zinc to apply a thin coating of the 
zinc material that has the property of slowing the process of corrosion. The benefit of the zinc coating 
is that due to being more electronegative than steel, it is corroded first and the steel remain intact. This 
phenomenon is called cathodic protection. Studies on galvanized steel have shown that even after the 
zinc has been completely corroded the zinc oxide layer formed on the surface will inhibit chemical 
reaction and will decrease the corrosion (Schlosser and Bastick, 1991). 
2.8.2 Epoxy powder coating 
Non-metallic coating can be used to provide corrosion protection for steel nails. The coatings 
provide a barrier against the corroding environment. 
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2.8.3 Sheathing protection  
For highly corrosive soils, corrugated sheathing together with cement grout are used to 
provide the extra protection against corrosion.  The sheathing is assumed to prevent ingress of 
corrosive substances even if cracks develop in the cement grouting. 
2.9 Soil-nail interaction 
2.9.1 Load transfer mechanism 
The load-transfer mechanism depend upon several parameters such as drilling and grouting 
methods, grouting pressure, size and shape of nail and soil properties of soil like density, permeability 
and shear strength (section  2.6.7). The grout pressure also is said to have a positive impact on the 
interface bonding mechanism. The grout pressure studies are presented in section  2.11.6.  
The forces that develop and interact within the soil nail are primarily the result of the 
interactions of the frictional forces between the soil and nail. There are also secondary effects by the 
interaction between the facing and the nail and it is predominantly responsible for the development of 
tensile forces at the nail head or at the connection. These tensile forces developed at the soil-nail head 
is typically a fraction of the maximum nail load. The maximum forces within the nail are considered 
to occur at some distance from the facing at the potential failure surface that divides the soil into two 
separate active and passive zones. The tensile forces in the active zone tend to pull the nails out of the 
ground, where as in the passive zone, the nails are restrained inward from the pullout forces in the 
active zone. This behaviour is conceptually shown in Figure  2.9.1.  
 The soil nail is believed to improve the overall stability of the slopes, excavations and 
retaining walls through the mobilisation of tension force in the soil nails. This tension forces are 
developed in turn as a result of the friction interaction between the nail and the surrounding soil. The 
tensile forces in the soil nails reinforce the ground by reducing the imposed shear resistance in soil 
and increasing the normal stresses in the soil along the potential failure surface hence allowing higher 
shear resistance to be mobilised by the bearing soil. The soil nail head and facing connectivity provide 
additional support that limits the deformation of the face, but also results in an increase in the shear 
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resistance and the effective stress behind the soil nail. The added benefits of the facing is that it 
provide support against local failures near the face and it redistributes the nail forces in response to 
different soil stresses to support the reinforced soil mass. 
 
Figure  2.9.1 Soil nail load transfer mechanism (Pun and Urciuoli, 2008) 
Because of the unconfined slope, the soil has a tendency to fail by shearing along a potential 
surface. The soil in this unconfined slope exerts lateral pressure due to the self-weight of the soil mass 
and as a result two distinct stress states called the active and passive states occur (Figure  2.9.1). The 
active state occurs when the soil mass deforms laterally or away from the soil mass due to the 
mobilisation of the shear resistance of soil that resists this lateral movement. Another words, the soil 
mass is at the point of incipient failure by shearing due to removing the confinement in the lateral 
direction. The passive states occurs when the soil mass deforms inward due to the mobilisation of the 
available soil shear resistance. Thus the active and passive earth pressures define the minimum lateral 
pressure and the maximum lateral resistance possible from the mass of soil. 
Soil nail can be thought of as an element that connects and ties together the active and passive 
zones. When there is lateral soil movement in the active zone the soil nail experiences axial and 
lateral strains due to the complex nail and soil interaction. The friction forces at the nail interface and 
the soil cause the nail to extend along the axis and the soil bearing resistance on the soil nail leads to 
the shear deformation of the nail. The magnitude and the interaction of these forces between the nail 
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and the soil are influenced by factors such the stiffness of soil and nail and their shear strengths, nail 
inclination and tensile and bending strengths of nail. Therefore, the axial strains will mobilise the 
tensile forces and the lateral strains will mobilise the shear and bending forces in the soil nail, and 
vice versa as shown in Figure  2.9.1.  
The nail-head and soil interaction in response to the ground movement in the active zone 
depends on the resultant strain of the nail head. The mechanism in this case may be predominantly a 
bearing mechanism if the strain is along the nail axis or may be a combination of the bending and 
shearing if the strain is in other direction than the axial. 
Since, in simplicity, the soil nail can be considered as an element that ties the active and 
passive zones, the mobilisation of the shear resistance in the active zone becomes critical. Therefore, 
the design requirements are based on the mobilisation of the pullout resistance along the soil nail in 
the passive zone. Theoretically the pullout resistance depends on the bond strength between the nail 
and the soil, which in turn is dependent on the contact stress and the coefficient of friction. 
Significant reduction in radial stresses can result in soil around the drill hole because of the 
nail installation process and the drill hole usually remains open due to the phenomenon known as soil 
arching. This stress reduction can usually be reversed by pressure grouting. However, a significant 
portion of the bond resistance is due to the roughness of the drill hole and interlocking between the 
grout and soil. 
2.9.2 Pullout resistance 
The pullout resistance is an internal failure mode, in that it occurs when the bond resistance at 
the soil and nail interface is inadequate and it can slip out if the pullout force is allowed to increase 
beyond the limiting capacity of the soil shear strength.  
The soil and nail interaction that occur with the reinforced soil mass is complex, but general 
patter of soil stresses and forces in reinforcement is conceptually shown in Figure  2.9.2. As can be 
noted from the figure, there are two positions A and B where the values of the shear and bending 
forces are maximum in the reinforcement. There are two theoretical methods that are adopted at 
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solving the equation linking the bearing stress, shear and bending forces. The first solution is based on 
the theory of elasticity and the second is the method of limiting stresses acting on a laterally loaded 
rigid pile (Jewell 1990).  
 
Figure  2.9.2: Conceptual soil nails interaction mechanism and the distribution of nail forces (adopted 
from several authors) 
The tension forces in the nail tend to start from zero at the tip of the nail, increasing to the 
maximum value and then decrease to a value at the facing that is a fraction of the maximum tensile 
value.  
However, for design purposes, the nail force distribution can be simplified as shown in 
Figure  2.9.3. As it can be seen, the tensile forces increase from the tip of the nail at the rate of pullout 
capacity per unit length of the nail. It then reaches a flat value of maximum and then decreases at the 
same rate of the pullout capacity per unit length. Further, the maximum tensile in the simplified 
version is bound by three limiting values that are nail tensile capacity, facing capacity and pullout 
capacity (Figure  2.9.3). 
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Figure  2.9.3: Simplified distribution of tensile nail force for design purposes (Lazarte et al, 2003). 
It should be noted that the location of maximum tensile nail force is close but it does not 
coincide with the location of the slip failure surface. The location of the maximum tensile value is 
rather dependent on the stiffness of the nail, soil and the facing. Plumelle et al (1990) and Byrne et al 
(1998) report that strain measurements indicate that the location of the  maximum tensile nail force in 
between 0.3 H to 0.4 H in the upper portion of the slope, and between 0.15 H to 0.2 H for the lower 
portion. The development of the tensile forces in the nail occurs over time during the construction and 
after it has been finished. Plumelle et al (1990) noted an increase of 15 percent in tensile forces in the 
long term post construction and the reasons are due to the post construction soil creep and stress 
relaxation. 
Pullout resistance is most important parameter in the design of soil nails and there are many 
factors that are known to influence this. Some of the factors that are believed to contribute to the 
pullout resistance are construction method, overburden stress, grout pressure, nail surface roughness 
and soil strength. The key to understanding the problem of soil nailing is the development of soil nail 
interface resistance. Several researchers have investigated this phenomenon (Cartier and Gigan, 1983; 
Milligan and Tei, 1998; Junaideen, 2001; Pradhan et al, 2003; Su et al, 2008; Wu and Zhang, 2009 
and Hong et al, 2013). 
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Various theoretical and empirical methods have been proposed (Schlosser, 1982; Cartier and 
Gigan, 1983; Jewell, 1990; Powell and Watkins, 1991; Heymann et al., 1992) for the evaluation of 
pullout resistance of soil nail, which is considered an important design parameter that is often 
estimated and it is then verified by pullout test during construction. This type of test is particularly 
useful for studying the fundamental interaction mechanism and the interface shear strength between 
the soil nail and the soil.  
At present the methods for estimating the pullout resistance are not unified as are reflected in 
the different standards. For instance, in Hong Kong the effective stress methods (GEO 2008), in US 
correlation with soil types (FHWA, 2003) and in France correlation with pressuremeter tests 
(Clouterre 1991) are used. A description of the various methods is given in Table  2.9.1. 
Table  2.9.1: Methods for determination of ultimate pullout resistance of a soil nail. (Pun and 
Urciuoli, 2008). 
 
The allowable pullout resistance provided by the soil-nail bond length in the passive zone 
determined by the effective stress method is given by the following equation 
௨ܲ ൌ ܿᇱܲܮ ൅ 2ܦߪ௩ᇱߤ∗ܮ  2.9.1 
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The limitations of the equation  2.9.1 based on the effective stress method are that it does not 
take into account the factors such as soil arching, soil dilatancy and suction, roughness of the drill 
hole and the interlocking of nail and soil. Nevertheless, it has been shown in Hong Kong that with the 
given factor of safety recommended, the equation can be used satisfactorily for the soil conditions 
encountered in Hong Kong (GEO 2008, Powell and Watkins 1991). 
The pullout capacity method of estimation of the pullout resistance of soil nail is given by 
߬௨௟௧ ൌ ܶߨܦܮ  2.9.2 
Where, T is the peak pullout force and τult is the ultimate lateral shear stress at the soil-nail 
interface (see sections  2.6.7 and  2.6.10). The pullout resistance in equation  2.9.3 is given by Milligan 
& Tei (1998) and Cartier and Gigan (1983). They use the concept of an ‘apparent friction coefficient’ 
(section  2.11.1) that is derived from equation  2.9.2 and it is given by 
ߤ∗ ൌ ߪ௡߬௨௟௧  2.9.3
The coefficient of friction  is obtained from pullout tests is a function of the overburden 
stress. It generally has inverse relationship with soil depth (or stress) and it reaches to tan (ϕ) as 
failure progresses. The normal stress in equation  2.9.3 is given by the following 
ߪ௡ ൌ ሺ1 ൅ ݇଴ሻ2 ߪ௩  2.9.4 
Where 
݇଴ ൌ 1 െ sin߶௣௦  2.9.5 
 
߶௣௦ ൌ ݌݈ܽ݊݁ ݏݐݎܽ݅݊ ݂ݎ݅ܿݐ݅݋݊ ݈ܽ݊݃݁  2.9.6 
 
The limiting shearing or bond stress that can be mobilised between the nail and the 
surrounding soil is thought to be constant and given by  
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߬௨௟௧ ൌ ݂ሺܿᇱ ൅ ߪ௡ᇱ ݐܽ݊ሺ߶ᇱሻሻ  2.9.7 
Where f is the bond coefficient or equivalent to skin friction. The values of bond coefficient 
range from 1 for rough surfaces to 0.2-0.4 for smooth surfaces such as metal and soil (Jewell, 1990). 
Jewell (1990) derived the following equation for the maximum pullout capacity of nail by substitution 
of equation  2.9.7 into equation  2.9.2. 
In a direct shear test, the apparent friction coefficient (more in section  2.11.1) relates to the 
bond coefficient by the following equation 
݂ ൌ ݑ
∗
ݐܽ݊ሺ߶ௗ௦ሻ ൌ
ܶ
ܲሺൌ ߨܦܮሻߪ௡tanሺ߶ௗ௦ሻ  2.9.8 
Pradhan (2006) used the following equation for practical use in estimating the pullout 
resistance  
ݍ௨ ൌ ܽ ൅ ߪ௡tanሺߜሻ  2.9.9 
Where a=apparent adhesion, ߜ=apparent friction angle and ߪ௡ is as given in Equation  2.9.4.  
It is clear that the bond resistance of nail involve three components: adhesion, friction and 
mechanical interlock that are also partly the aim of the current study. 
2.9.3 Pullout resistance using Bayesian approach 
As it is described in Section  2.11, the pullout resistance of soil nails are influenced by a 
number of complex factors. Some of these include the overburden pressure, grouting pressure, nail 
surface roughness, soil saturation and dilation. Therefore a general formula considering all of the 
above factors has not been put forward in the literature on soil nails (Zhou, 2015), despite the fact that 
there are studies that have been carried out to investigate the effects of the mentioned parameters on 
the pullout resistance.  
One such a study was done by Zhang et al (2009) who statistical analysis some of the 
uncertainties of pullout resistance in respect to the overburden pressure, grouting pressure, soil suction 
and dilation and tried correlate the pullout resistance based on the field pullout tests in terms of these 
parameters. 
45 
 
Bayesian is a statistical inference method that is used in the analysis of variance and 
regression.  The method has been used in analysis of several civil engineering problems and it has 
been used reliably to perform parametric analysis of pullout resistance of grouted soil nails. Zhou et al 
(2012) used Bayesian approach to study the relationship for the pullout resistance based on the 
overburden pressure (OP), grouting pressure (GP) and saturation (S). As a result, the following 
equation was proposed based on the three factors, 
߬̅ ൌ ܾଵܩܲ ൅ ܾଶܵଶ ൅ ܾଷܵ ൅ ܾସܱܲ ൅ ܾହܩܲ ∙ ܱܲ ൅ ܾ଺  2.9.10
Where ߬̅ is the estimated maximum pullout shear stress and ܾ௡ is constant. In the above 
equation the grouting pressure is linear and the degree of saturation is quadratic. About 63 model class 
candidates were analysed by the Bayesian method and the most plausible model class was selected as 
the proposed design formula for the maximum pullout resistance of soil nails, 
߬̅ ൌ െ284.5ܵଶ ൅ 325.5ܵ ൅ 0.0011ܩܲ ∙ ܱܲ  2.9.11
A comparison of the maximum pullout shear results from the equation  2.9.11 and 
experimental pullout tests is shown in Figure  2.9.4. It appears from the figure and the calculated 
coefficient  R2 that a reasonably good correlation exists and the equation predictions of the pullout 
values are within the acceptable range. 
 
Figure  2.9.4: Comparison of pullout resistance between experimental test results and Bayesian model 
(Zhou et al, 2013) 
46 
 
2.9.4 Nail inclination and length 
Soil nails are typically installed at an angle of 10 to 20 degrees from the horizontal. This 
range of inclination will ensure the grout can flow towards the bottom of the drill holes. Any 
inclination smaller than 10 degrees, significant grout voids can be created, which will greatly affect 
the load capacity of the nail and also reduce the corrosion protection provided by the grout. Jewell 
(1980) investigated the effects of orientation of reinforcement bars on the shear strength of soil in a 
shear box. It was found that the shear strength of soil either was increased or decreased depending on 
the reinforcement orientation with the soil. It also found that the orientation introduced either tensile 
or compressive forces in the soil nail during the application of shearing force. Figure  2.9.5 shows that 
shear strength of soil is enhanced when the inclination of the reinforcement is in the direction of the 
soil tensile strain and the maximum shear resistance is reached when the directions of the nail and the 
soil tensile strain are parallel. Whenever, the reinforcement is in the direction of the soil compressive 
strain, there seems to be a decrease in the shear resistance of the soil. This result indicates that in order 
to optimise the shear strength of soil the reinforcement should be placed in the direction of the 
principal tensile strain in the soil. Any deviation of the reinforcement from the optimum results in a 
reduction in shear strength of soil due to the compressive strain of soil. These findings are consistent 
with the results of laboratory investigations reported by Marchal (1990), Hayashi et al (1988) and 
Palmeria and Milligan (1989). 
 
Figure  2.9.5: Effect of inclination on the shear strength of soil (after Jewell and Wroth, 1987) 
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Pun and Urciuoli (2008) carried out numerical investigation and it showed that tensile forces 
improve the stability of a slope, whereas the reverse takes place when the nail is in compression. 
Figure shows the relationship between the calculated SF and nail inclination for a model slope. It 
shows that the stability y of the slope decrease rapidly with the increasing nail inclination. 
 
Figure  2.9.6: Effects of nail inclination on the safety factor of a model slope by numerical analysis 
(Pun & Urciuoli, 2008). 
In real projects, the recommended soil nail inclinations are often faced with difficulties. For 
example, buried utility or underground structure, overhead restrictions and limited spaces can severely 
restrict the installation of soil nails at steeper or even flatter angles.  
Nail length, on the other hand, can be selected as either uniform or variable. Uniform nail 
lengths are used in areas where excessive deformations are not a consideration or concern because of 
competent ground conditions and absence of nearby structures sensitive to ground movements. In 
such situations it is considered beneficial to adopt uniform nail lengths from the point of view of 
construction simplicity and quality control. If the wall deformation is critical, then a variable nail 
system can be selected and field measurement data indicate that wall displacements can be 
significantly reduced if the nail length in the upper 65 to 75 percent of the wall height area greater 
than those in the lower part of the wall (Byrne et al, 1998; Lazarte et al, 2003). The minimum nail 
length in the lower part of the wall is 0.5H. The nail spacing and installation arrangement depend on 
the ground surface profile, existence of ground utilities and the existence of corners. 
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Further, an interesting study performed by Guler and Bozkurt (2004) on the performance of 
two full scale soil nail structures with the appropriate strain gauges and survey points for monitoring 
purposes. In this study soil nails were installed with the inclinations of above and below horizontal. 
The installation of soil nails in the above horizontal is an interesting and unusual from the practical 
sense since the grouting processes of soil nails are nearly impossible. The main observations from the 
two experiments were that soil nails installed at the upward angle above the horizontal resulted in 
excess tension of 10-15 percent than the nails inclined below the horizontal. Also, the deformations of 
the wall in the case of upward inclined nails were less. In addition, the overall factors of safety using 
the software Talren were 0.99 and 1.2 for the downward and upward inclined soil nails, respectively.  
2.9.5 Effects of bending and shear forces 
Soil nails work predominantly in tension, but they also mobilize stresses due to shear and 
bending at the intersection of the slip surface with the soil nail (Schlosser, 1983; Elias and Juran, 
1991). The shear and bending resistances of the soil nails are mobilized only after relatively large 
displacements have taken place along the slip surface. Some researchers have found that shear and 
bending nail strengths contribute no more than approximately 10 percent of the overall stability of the 
wall. A discussion of a methodology to account for shear and bending contributions is included in 
Barley and Graham (1997), Bruce and Jewell (1986), Elias and Juran (1991), Gigan and Delmas 
(1987), Gassler (1988), Jewell (1990), Jewell and Pedley (1992), Plumelle et al (1990), Schlosser and 
De Buhan (1991), Schlosser (1982) and Schlosser et al (1992). 
Jewell (1990) investigated the role of bending by analysing data from laboratory direct shear 
tests on reinforcement and field trial tests. Smith and Su (1997) performed a 3D finite element 
analysis of a 6 m high excavation during construction, service loading (no surcharge) and at collapse 
(surcharge 210kPa). The findings of the study can be summarised as follows: 
1. The horizontal and vertical (settlement) displacements increased sharply following the 
application of surcharge load. The horizontal deflection at top half of the wall increased more 
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rapidly and the largest deflection was at distance of 1 m and the largest settlement occurred at 
the location of surcharge, 
2. The locations maximum axial force were close to the slip failure line of the excavation wall 
and their magnitudes and distributions were very similar for all the nails, 
3. Interestingly, the bending forces were found to be relatively small for no surcharge case, but 
they were mobilised as the surcharge loads were increased, 
4. In contrast to the nail axial forces, the largest bending forces were observed in the upper nails 
where the surcharge pressure was applied. 
The above studies show that the contribution of shear force and bending in enhancing the 
resistance of the nail and improving the shear strength of soil is small and is dependent on the 
mobilisation displacement of the soil nail. The overall conclusion from these studies is that initially 
the contribution of shear and bending is small until failure where large mobilisation displacements 
take place. When the failure takes place, then the contribution of shear and bending may be significant 
but still relatively small. It is for this reason that the soil nail design practice in USA (FHWA, 1998), 
UK and Germany (Gassler 1997) ignores the mobilisation of bending and shear forces in the soil nail. 
The only exception to this is the French approach (Clouterre 1991), where both of the forces are 
considered and is taken into account when the slope is near failure and the forces are mobilised in the 
soil nails. 
It is widely known that although the effects of the shear and bending forces may be small, but 
the actual steel ductility post failure is beneficial to the shear resistance of soil and it must not be 
ignored. Thus, due to the ductility of steel reinforcement, the mobilisation of shear and bending at 
large displacements will result in a more desirable ductile failure rather than the undesirable brittle 
failure. 
2.9.6 Nail head and facing load distribution 
The magnitude of the face loading developed in soil nail construction is generally not well 
understood due to lack of good field data. The most reliable information can be obtained by installing 
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load cells at the nail head and the lesser method is the affixation of strain gauges. Neither method has 
been used, except very few real field scenarios, to collect any useful information build a good picture 
of the load distributions (FHWA, 1998). Often due to the weight of the wall facing the induced 
bending stress tends to be significant that makes the interpretation of the very few load test results 
very difficult. 
Despite the lack of useful data and good quality monitoring results, a number of model tests 
and numerical simulations have been carried out by various investigators. As a result, it has been 
shown by model tests, field measurements as well as numerical simulations that the soil-nail facing 
either in the form of individual concreted pads or shotcrete facing greatly enhance the stability of soil 
nail walls. In the reinforced slope the failure surface tend to be deeper and larger tensile stresses are 
induced both at the facing and in the soil nail when compared to a wall without any reinforcement 
(Pun & Urciuoli, 2008). 
The studies that have provided some useful insight into the behaviour of the soil nail facing 
include field tests by Gassler and Gudehus (1981), Plumelle and Schlosser (1991); model tests by 
Muramatsu et al (1992), Tei et al (1998) and numerical simulations by Ehrlich et al (1996). 
Joshi (2003) and Shiu and Chang (2004) investigated the effects of nail heads on the stability 
of a model slopes by numerical simulations. In the simulations, slopes with and without soil nail 
heads as well as the effects of various size heads were considered and simulated. Based on this 
analysis, it was shown that the safety factor increased from a minimum value of 1 for the without 
heads case to 1.2 for the case with soil-nail heads and a substantial increase was reported for the soil-
nail heads ranging from 400 mm to 800 mm.  
Soil nail head design is covered by most of the design codes discussed in section  2.7. All 
these documents recognise the significance of the nail head and provide recommendations for design 
pressures. The French and German methods use empirical earth pressures that are related to either the 
maximum tension force developed in the nail or the Coulomb earth pressure (Pun and Urciuoli, 
2008). In all the design methods, two main aspects of the soil-nail head are considered. First 
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is the bearing capacity check of the soil under the nail head and secondly, the structural 
strength of the head itself. 
2.10   Full-scale testing 
Several full scale tests on soil nailed retention system have been reported by Shen et al 
(1981), Cartier and Gigan (1983), Juran and Elias (1987), Clouterre (1991), Bastick (1991), Kakurai 
and Hori (1991), Benhamida et al (1997), Li et al (2008) and Stephen et al (2013). The testing 
generally included measurements of nail forces, soil pressures and the vertical and horizontal 
displacements. The tests were carried out in cohesionless soils such as sand using various construction 
techniques.  
 
Figure  2.10.1: Clouterre project wall layout (Plumelle and Schlosser, 1991). 
In 1986 to 1991 a large research project by the French Minister of Transport was initiated 
with the objectives of studying the behaviour of soil nailed retaining walls soil walls and developing 
design methods for the constructions of temporary and permanent soil nailed walls. The project was 
called Clouterre, Clouterre (1991), Plumelle and Schlosser (1991), Schlosser et al (1992) Unterreirner 
et al (1995). As a result, three full-scale experimental walls were constructed and then loaded to 
failure by flooding (Figure  2.10.1) and the behaviour of nailed walls was studied during the different 
phases of the construction to post failure based on the three failure modes shown in Figure  2.10.2.  
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Figure  2.10.2: Three modes of failures (1- bars breakage, 2- soil mass during excavation and 3- nail 
slippage) studied in the Clouterre research project (Plumelle and Schlosser, 1991). 
Two of the sites used uniform sand as backfilling material with the minimum and maximum 
densities of 1.31 t/m3 and 1.69 t/m3. During the compaction the density of 1.51 t/m3 was achieved. 
The shear strength of the sand material was tested to be ϕ=38 in laboratory and ϕ=34 when tested at 
the site by phecometer (Plumelle and Schlosser, 1991). The vertical and horizontal distances were 1.0 
m and 1.15 m, respectively, and the length of nail varied between 6 m and 8 m. 
The findings of the Clouterre projects were published in French specification report titled Soil 
Nailing Recommendations 1991 with its English translation by FHWA in 1993 and it presents in 
details the whole design and construction process including geotechnical investigation and field 
quality monitoring on soil nailing. The following main points were made in the report: 
1. The design recommendation was based on the classical limit equilibrium method of slices and 
applied to reinforced soil using the multi-criteria approach developed by Schlosser; 
2. The multi-criterion approach took into account all possible modes of failure and the classical 
definition of the global factor of safety was abandoned, and a new procedure using partial 
safety factors and weighing factors was recommended; 
3. Maximum tensile forces tend to be near the slip surface failure zone; 
4. Wall displacements develop during the excavation and the horizontal and vertical 
displacements are similar in magnitude and are typically 0.1% to 0.3% of wall height H. 
m 
6
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5. An important conclusion drawn from the tests was that the tensile forces are mobilised first 
followed by the bending prior to failure under large deformations. 
A new method is proposed to design the facing thickness as a function of the nail spacing. 
More than 450 in situ pullout tests were collected to create a unique data base allowing correlations 
between the nail and soil types and the soil-nail interface frictional resistance. Detailed 
recommendations are developed to calculate the extra thickness of steel required in permanent nailed 
soil structures depending on the characteristics of the soil. Clouterre recommendations are a major 
contribution to the status of knowledge on soil nailing in excavation.  
Bastick (1991) tested a full scale structure in France (Fontainebleau) and the results were 
compared with the design method established for soil nail design. The wall weight was about 12 m 
and the reinforced wall was fully instrumented with strain gauges, load cells, inclinometers, soil 
pressure cells and surface deformations were monitored for a duration of the project that was four 
years. The main result of the study can be summarised as follows: 
 The line of the maximum tensile forces was in good agreement with that of the theoretical 
line, which is a curve arch that conicides at 0.3H at the top of the wall with a slight nudge 
towards the face of the wall; 
 After two years the wall deformation remained constsant; 
 After the application of surcharge led to an increase in stresses in soil and nails and they were 
in good agreement with the theoretical values; 
 At last stage water flooding at the wall top was carried and it was shown that the water 
percolated down and pressure cells at the bottom of the wall recoreded increases in pressures. 
However, contrary to expectation, the flodding did not result in any increase un tensile nail 
forces. 
Kakurai and Hori (1991) investigated both by in situ measurements and finite element 
analysis the ground displacements and nail forces. The site measurements were taken on a cut slope 
with a total height of 14 m. Site instrumentations included extensometers and strain gauges. The site 
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material consisted of weathered granite and nail lengths varied from 7 m at the top to 4 m at the 
bottom rows. Conclusions were drawn on the results of the lateral wall movements, axial nail forces 
and the finite element analysis for the various stages of construction.  
It is known that in Hong Kong there are several thousand non-engineered fill slopes that were 
created  as results of road and other infrastructure works. Li et al (2008) investigated the performance 
and behaviour of grouted soil nails in non-engineered fill slopes by carrying out comprehensive field 
tests and monitoring of the fill slope for a period of six months until slope failure by surcharging and 
wetting to decrease the soil strength.  The slope was nearly 5 m high and about 9 m wide and soil 
nails were installed at 1.5 m spacing at an inclination of 20 degrees. A total of four sacrificial nails 
about 2-3 m long were tested, without any application of surcharge pressures, for capacity by pulling 
at a constant rate of 1mm/min. The results of the pullout show that the capacities for the four nails 
were between 7 kN/m and 9 kN/m nail length. The monitoring of the other instrumented nails 
indicated that the nails mobilised large loads during the surcharge application and a subsequent 
reduction in mobilised forces (3-10 kN/m) was noticed after the water infiltration at the crest of the 
embankment.  
2.11 Laboratory pull-out testing 
Laboratory pullout testing is an easy and efficient method of analysing various aspects of soil 
nailing in a controlled environment. The added benefit of laboratory testing is that it can be designed 
to mimic various ground and loading conditions encountered in real environment. There are numerous 
authors who have performed laboratory pullout tests on both small and large scale models in order to 
study the behaviour of soil nails mainly in the forms of grout and steel section bars. Among those 
researchers who have carried out pullout laboratory tests on a large scale models, some of the most 
well-known are Tei (1993), Milligan et al (1997), Franzen (1998), Milligan and Tei (1998), Lee et al 
(2001), Chu (2003), Pradhan et al (2003), Junaideen et al (2004), Chu and Yin (2005), Pradhan et al 
(2006), Su (2006), Su et al (2008), Zhou (2008), Li et al (2008) and Gurpersaud et al (2013). 
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Milligan et al (1997) used a pullout testing apparatus shown schematically in Figure  2.11.1 to 
study the bond mechanism between grouted nails and two types of soils namely clay and sand. Two 
different box sizes were used for the soil types. For the sand, the box had an internal size of 
0.6×0.6×0.6 m and for the clay it was 1.0 cubic meter. The boundary stresses were controlled by 
water filled rubber bags on the sides and top. The test nail was 100 mm in diameter and was 
instrumented with strain gauges. Other instrumentations included stress transducers pressed against 
the borehole walls in both horizontal and vertical directions to measure stresses (radial and shear) on 
top, sides and bottom of the borehole.  
 
Figure  2.11.1: Test apparatus used by Milligan et al (1997). 
The main points of the study were that: 
1. low pullout resistance result in grout at low pressure, 
2. the pullout resistance develop at very small displacements, 
3. the mobilised interface shear strength remain constant or increase with further increasing 
displacement, and 
4. the local stresses on the sides of the nail increase from an initial low values while the stresses 
on the top and bottom increase and drop slightly at large displacements. This is depicted in 
Figure  2.11.2. 
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Figure  2.11.2: Radial and shear stress measurements on top (a) and bottom (b) of the nail and soil 
interface (Milligan et al, 1997). 
The design of their laboratory apparatus vary based on the aim and objectives of their study. 
Tei (1993) and Milligan and Tei (1998) a series of pullout tests were conducted to investigate the 
interaction mechanism between nail and soil during pullout tests. The pullout apparatus that was used 
is shown in Figure  2.11.3. Two types of nails (stiff and extensible) were used and the main three 
parameters in the study were nail roughness (smooth and rough), nail stiffness (stiff and extensible) 
and diameter. Tests were carried out in two different sand types with different grain sizes. 
 
Figure  2.11.3: Arrangement of testing apparatus by Milligan and Tei (1998). 
Chu (2004), Chu and Yin (2005) and Yin et al (2009) (see section  2.11.6) investigated the 
shear resistance behaviour of grouted nails in granitic soils by carrying out pulling tests in a large test 
apparatus shown schematically in Figure  2.11.4. Direct shear test were also performed on the same 
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soil in similar conditions and the interface shear strength were compared with that of the pull out tests. 
A summary of the main test results and conclusions are outlined as follows: 
1. the results of the shear strength obtained from the shear box are different, as expected, from 
those obtained from the pullout tests, 
2. smaller dilation ( vertical displacement) was observed for the pullout tests than compared to 
the pullout tests, 
3. the interface shear strength obtained from both the nail-soil direct shear test and pullout tests 
were similar to the soil direct shear tests, hence the friction angle can be adopted from the soil 
direct shear tests in the design evaluation of the soil nail, and 
4. the shear resistance was found to be dependent on the grout roughness. 
 
 
Figure  2.11.4: Test box setup for pullout test of soil nails by Chu (2003), Chu and Yin (2005) and Yin 
et al (2009). 
Junaideen et al (2004) and Pradhan et al (2006) used a large laboratory apparatus shown in 
Figure  2.11.5 to study soil and nail interaction in loose fill soil comprising completely decoposed 
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granite. Dimensions of the testing apparatus were 2m long, 1.6 m wide and 1.4 m high. The 
reinforcements consisted of ribbed bar, knurled tube and smooth that were all 2 m long. Pressure 
transducers were installed in the box about 50 mm above the reinforcement to measure the vertical 
pressure during the load application. Pullout tests were carried in mulltistage manner and the main 
result from the tests was that the bar ribs have a significant influence on the pullout resistance of the 
nail tested. 
 
Figure  2.11.5: Laboratory setup by Junaideen et al (2004) and Pradhan et al (2006). 
Pradhan et al (2006) carried displacement controlled pullout tests to study the effects of 
surcharge pressures on the pullout capacity of nails by using similar soils and the same testing 
apparatus as Junaideen et al (2004). Also, a numerical model was used to simulate the laboratory tests. 
The main points drawn from the study can be summarised as: 
1. the peak pullout force is peaked at displacements of about 16-22 mm, 
2. the peak pullout force increase linearly against the overburden pressure in the case of soil with 
field moisture condition and the trend is similar (increasing linearly) for the case of saturated 
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soil. This is an interesting point and it is contrary to what have been supported elsewhere in 
the literature by Pradhan (2003), Chu and Yin (2005) and  Su et al (2007), 
3. multistage pullout test yield reasonable estimate of the pullout resistance in loose fill, 
4. the results of the pullout resistances are in good agreement with the results of the direct shear 
tests, 
5. the soil and nail interface parameters (apparent cohesion and friction angle, section  2.9.2) are 
comparable obtained from the pullout tests and the direct shear tests, and 
6. the numerical pullout tests compared well with the laboratory test results despite the fact that 
there are some discrepancies that were attributed to the failure surfaces developed in the two 
methods of analysis. However, better results were obtained if the stiffness is increased by a 
factor of 2 and the shear stress is multiplied by a factor of 0.8. 
Fonzo et al (2008) began a comprehensive research programme to study soil nail 
reinforcement in soft unsaturated pyroclastic silty sand that is encountered widely in Napoli, Italy.  
The research programme included pullout testing of instrumented nails with strain gauge in a large 
apparatus, large field trial testing to failure and 2D as well as 3D numerical analysis. The apparatus 
used by Fronzo et al (2008) and its setup is shown in Figure  2.11.6. The typical dimensions of the box 
were 1.6 m×0.8 m×0.8 m. Pullout tests were carried under surcharge pressures of 50 kPa to 150 kPa. 
The tested nail was a steel bar coated with epoxy with a diameter of 33 mm and a total length of 2 m 
or embedment length of 1.6 m. Strain gauges were affixed at 0.2 m, 0.4 m, 0.8 m and 1.2 m from the 
front face of the box. The main results of the pullout tests showed that the pullout resistance increased 
with the increase in surcharge pressures, but the main aim of the study was to compare the friction 
coefficients from the numerical and pullout tests. On the results of the numerical analysis, the reader 
is referred to section  2.14 of this thesis.  
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Figure  2.11.6: Pullout box used by Fonzo et al (2008). 
Su (2006), Su et al (2008) and Su (2010) used the typical apparatus shown in Figure  2.11.7. 
The advantage of this type of testing apparatus is that by using the extension chamber the length of 
nail remains same length during the pullout tests. A number of various pullout tests were carried by 
the researchers to investigate the factors thought to influence the behaviour of soil nail reinforcement. 
Some of the key factors investigated included overburden pressures, degree of saturations and 
grouting pressures. Numerical model analyses were also used to simulate the laboratory conditions. 
Pullout tests were carried using 100 mm grouted nails installed in completely decomposed granitic 
soil. Included instrumentations were 6 load cells and two LVDTs located in the box is also shown in 
the Figure  2.11.7. Surcharge pressures included 40 kPa, 80 kPa, 200 kPa and 300 kPa. The main 
summaries of the results on the overburden pressure and the dilation angle are given in sections  2.11.7 
and  2.11.8, respectively. 
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Figure  2.11.7: Typical setup of pullout box and instrumentationby Su (2006), Su et al (2008) and Su 
(2010). 
A reasonably similar large box to the above mentioned investigator was devised by 
Gurpersaud et al (2013) that allowed pullout tests of soil nails at inclined, vertical and horizontal 
orientations. The aim of the experiment was to investigate the influence of matric suction on the 
pullout capacity of soil nails in saturated and unsaturated soil conditions. A photo of the test box is 
shown in Figure  2.11.8. The inside dimensions of the box were 1.5 m long 1.20 m wide and 1.10 m 
high. Pullout tests were performed using grouted soil nails with 100 mm diameter embedded in poorly 
graded sand. Nail installation was carried out by saturating the sand with water and draining it before 
drilling of the borehole to keep the walls from collapsing. Instrumentations include soil moisture 
probe, load cell and two LVDTs. The results of the pullout tests carried on the nails installed at the 
various orientation are summarised as follows: 
1. a strong correlation between the matric suction and the pullout capacity was observed and 
based on this result, a semi-empirical method of estimating the pullout capacity of soil nail in 
saturated conditions was proposed. The author of this research understands that soil moisture 
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probe used in the above research by Gurpersaud et al (20013) was not a very accurate way of 
measuring the soil matric suction, also no surcharge loading was applied, 
2. it was contended that the decrease in pullout capacity with increasing in degree of saturation 
was directly related to the matric suction and NOT related to the to the decrease in apparent 
friction as was argued by other investigators such as Pradhan (2003), Chu and Yin (2005) and  
Su et al (2007), and 
3. the proposed semi-empirical method proposed was compared with other available methods in 
the literature that do not consider the matric suction into account, abd it was found that the 
proposed equation that considers the suction yielded good results in comparison to the 
measured results. 
 
Figure  2.11.8: Experimental apparatus used by Gurpersaud et al (2013). 
2.11.1 Apparent friction coefficient 
The Coefficient of friction is used to describe the frictional bond or sliding shear resistance 
between two medium such as nail reinforcement and soil. Its values are determined by direct shear 
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tests and by laboratory pullout tests. However, it is observed that there is a large discrepancy between 
the value obtained from the direct shear tests and from the pullout tests. Laboratory pullout tests and 
direct shear tests were conducted by Potyondy (1961), Tei (1993), Milligan and Tei (1998), Luo et al 
(2000), Wang and Richwien (2002), Bayoumi et al (2008), Amiri and Esmaeily (2011) and Hong et al 
(2013) in sand to evaluate the effects of nail construction methods, surface roughness, nail diameter 
and stiffness, soil stresses and density on the apparent coefficient of friction. Two methods of nails 
installations used were driving of nail into compacted sand embankment and the placing of nail during 
the compaction of embankment and compacting the sand around the nails. It was shown that the 
apparent friction coefficient was substantially higher for the case where nails were placed during the 
construction and compaction of the embankment. This is shown in Figure  2.11.9.   
 
Figure  2.11.9: Effects of installation on the apparent friction coefficient. (1) Nail placed during 
backfill compaction. (2) Nail driven into compacted backfill material. (After Juran and Elias, 1991). 
Milligan and Tei (1998) studied the relationships between the apparent coefficient of friction 
for nails with rough surface and found it to be dependent on the soil strength (ϕ), dilation angle (ψ), 
stiffness of nail and diameter of nail (D). 
Amiri and Esmaeily (2011) performed direct shear tests and pullout tests on rough and 
smooth strips and found that for the smooth strips the results of the direct shear tests and the pullout 
tests were comparable and that the friction coefficients are not influenced by the density. However, 
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for rough strips the pullout tests gave higher friction values than the direct shear testing as the density 
of the soil was increased.   
Wang and Richwien (2002) performed similar work by performing direct shear and pullout 
tests on strip in Leighton Buzzard sand and developed a theoretical equation relating the apparent 
coefficient of friction with the coefficient of friction determined by the direct shear test.  
Hong et al (2013) conducted field pullout tests on pressure grouted nails installed in natural 
slope to study the pullout resistance and the apparent coefficient of friction. The soil water contents of 
the soil at certain locations on the nail surface were measured. A total of nine nails with 100 mm in 
diameter, grouted lengths 1.2 m and with total lengths of 2.5 were installed at depths of 6 m and 2 m. 
The main points drawn from this study are consistent with other similar work in the field and they can 
be summarised as follows: 
1. the field pullout tests indicated that the maximum shear resistance increased with increasing 
grouting pressure, 
2. the apparent coefficient of friction decreased (inversely proportional) with increasing 
overburden pressure at the same grouting pressure (Figure  2.11.10), 
3. the apparent coefficient of friction increased linearly with increasing overburden pressure, 
4. the water contents of the soil on average were reduced after the completion of the tests than 
before the tests, and 
5. the pressure grouting enhances the soil strength and resulting in an increased pullout 
resistance. 
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Figure  2.11.10: Correlation between apparent coefficient of friction and overburden pressure at 
various grouting pressures (Hong et al, 2013b). 
Luo et al (2000) undertook an analytical study on the pullout resistance of rigid soil nail in 
dilative soil based on the assumption that the soil is an elastic media and that the soil nail is rigid. The 
expression described the normal pressure on the reinforcement as a function of dilation and by using 
this expression the pullout capacity of the nail is calculated. The analytical results are calculated and 
compared with two published test cases. The following points of interest are summarised as: 
1. the results of the study indicated that there was good agreement between the analytical 
predictions and the experimental pullout results, 
2. it showed that the apparent coefficient decreased with increasing overburden pressure, and 
reached the true internal coefficient of friction of the soil when the overburden pressure got to 
a certain level, and 
3. the analytical expressions derived showed that the apparent coefficient of friction increased 
with the friction angle (ϕ), but decreased with the overburden pressure. 
2.11.2 Short and long term performance 
The short and long term performances of the nails require the load displacement behaviour 
over time for a given soil type. In addition, the long term behaviour also takes into account the effects 
of creep and relaxation (discussed in section  2.11.3). 
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The short and long term performances are considered as part of the engineering design of soil 
nail to prevent the various modes of failures discussed in section  2.6 (Figure  2.6.1). 
Long term performance of soil nails depends on the creep behaviour of surrounding soil. 
Although the nails are also prone to creep, but the relative deformations are small, as discussed in the 
following section. Relaxation that is a reduction in stress under constant strain can also affect the long 
term performance of nails. 
2.11.3 Creep and relaxation 
Creep is a time dependent deformation of soil and nail structure under sustained loading. 
Creep is largely considered to be a function of the soil type. For instance, clayey soils undergo large 
creep deformations that may also translate into time dependent nail displacements. Other factors such 
as stress history soil, minerology and the moisture content also play a crucial role in the evaluation of 
creep.  
The creep displacement rate under sustained load can be estimated using the equation 
ߝ ൌ ߝ଴ ൅ ܣ݁
ఈ௉
1 െ ݉ ሺݐ
ଵି௠ െ 1ሻ  2.11.1
Where α, A and m are interface creep parameters that are obtained from experimental log(ε)-
log(t) and log(ε)-log(P) curves. 
In practice, the critical load for creep is obtained from load controlled pullout tests that are 
included in many of the standards mentioned in Section  2.7.  
The critical creep load on a nail is determined by carrying sustained load tests in increments 
up to the failure load. The each load increments the nail displacements are plotted against log(t). The 
slope of the nail displacement versus log (t) line is plotted against the applied pullout load to 
determine the critical load. 
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Stress relaxation, on the other hand, is a gradual reduction in stress over time when load is 
held at a constant strain. A full description and methods of estimating creep and relaxation in grout 
nail systems can be found in Bunerjee et al (1998). 
2.11.4 Cyclic loading 
Soil nails will inevitably experience cyclic loading in their service times and it must therefore 
be allowed for and designed to withstand such loads. In the literature data on the long term 
performance of soil nails under cyclic loadings are very limited (Juran and Elias, 1991). It has been 
reported by Juran and Elias that the for peak cyclic loads smaller than 0.63Pu the displacement 
becomes negligible after five cycles any loads larger than that, the displacement increases at constant 
rate. 
2.11.5 Surface roughness 
It is well established in the literature that the surface roughness or smoothness has a major 
influence on the performance of reinforced structure. Hong et al (2015) studied the roughness of the 
borehole and its influence on the pullout resistance of model soil nails. Well graded sand was 
compacted in mould at 95 % of maximum standard dry density in a small mould at optimum water 
content. A total of six different surfaces including smooth, sawtooth and square surfaces were studied 
(Figure  2.11.11). The various surfaces were created by placing a threaded plastic rod in the form of 
the particular surface inside a mould and compacting soil around before unscrewing the rod and filling 
the cavity with grout and reinforcement bar. 
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Figure  2.11.11: Typical rough surfaces created in the drillhole walls (Hong et al, 2015) 
From the six pullout tests carried out by Luo et al (2000) on model soil nails, the following 
observations and conclusions were made: 
1. The peak pullout resistance values for the T-type profiles increased linearly with increasing 
roughness angle, as shown in Figure  2.11.12, 
2. For the T-type profiles, the peak pullout force and the related shear stress increased 110% and 
120%, respectively, when compared to the smooth profile, and 
3. The R-type profile resulted in increase of 300% and 280% for the pullout force and the shear 
stress, respectively, when compared to the smooth profile. 
 
Figure  2.11.12: Comparison of results from Luo et al (2000) 
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2.11.6 Grout pressure 
Grouting of grouting nail is generally carried under gravity. Therefore, the pullout capacity is 
expected to be affected and is thought to be highly dependent on the soil remoulding and compaction 
at the soil-grout interface. One of the consequences of the borehole drilling for installing soil nail is 
that the mechanical property of the soil is changed and the stresses are relieved. If the grouting is 
performed under pressure, then the re-compaction and grout penetration into the surrounding soil tend 
to increase the pullout capacity considerably due to the interlocking effects between the grout and the 
soil. Also, in fine soils the interface tend to be smooth and if water is present at the interface, then the 
interface behaves as if it is lubricated and consequently results in a markedly decreased pullout 
capacity. 
Several researchers have investigated by performing field testing, laboratory testing or finite 
element modelling either individually or in combination to study the effects of grouting pressure on 
the performance of reinforced soil. Some of the investigators include Milligan et al (1997), Yin and 
Zhou (2009), Yin et al (2009), Hong et al (2011), Zhou et al (2011), Hossain and Yin (2012), Seo et al 
(2012), Hong et al (2013a), Hong et al (2013b) and Kim et al (2013). 
Yin and Zhou (2009) and Yin et al (2009) studied the influences of grouting pressures on the 
shear resistance of soil nail and the soil stresses using the laboratory apparatus described in 
section  2.11. The results of the several soil nail pullout tests showed that the correlation between 
grouting pressures and the shear resistances were linear between the grouting pressures of 0 kPa to 
130 kPa. 
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Figure  2.11.13: Correlation between apparent coefficient of friction and grouting pressure at various 
overburden stress (Hong et al, 2013b) 
Hong et al (2013b) conducted field pullout tests to investigate the relationship between the 
apparent coefficient of friction and both the grouting and overburden pressures. The results of the 
study are shown in Figure  2.11.13. It can be seen that the apparent coefficient of friction increases in 
linear fashion with increasing grouting pressure. The effect of overburden stress (OS) is also similar 
in that the curve is translated upwards as the overburden stress increases resulting in higher 
magnitudes of the apparent coefficient of friction.  
Seo et al (2012) performed both small scale laboratory and a series of in situ pullout tests to 
compare the pullout results of both gravity and pressure grouted soil nails. The field tests consisted of 
2 m and 3 m long nails for gravity and pressure grouted nails respectively. The nails were installed in 
granitic soil in Busan, South Korea. The major results from the study were that the pressure grouting 
resulted in 36 % higher pullout capacity and its surfaces were higher in roughness, as shown in 
Figure  2.11.14. The pressure grouting resulted in compaction of the surrounding soil around the nails.  
71 
 
 
Figure  2.11.14: Pullout capacities of gravity and pressure grouted nails (modified from Seo et al, 
2012). 
2.11.7 Overburden pressure 
The effects of overburden pressure on the performance of soil nail reinforcement structure is 
rather similar to that of the effects of the grouting pressure described in section  2.11.6. 
Many investigators have studied the influence of overburden pressure on the performance of 
soil nails using various methods that include laboratory model tests, field tests and finite element 
analysis. Some of these investigators include Su et al (2008), Yin and Zhou (2009), Su et al 
(2010),Wei and Cheng (2010), Hong et al (2011) and Zhou et al (2011).  
Su et al (2008) investigated the influence of overburden pressure on the pullout resistance of 
soil nails installed in compacted fill material comprising completely decomposed granitic soil in Hong 
Kong. Numerical simulations were also performed and the results were compared with the laboratory 
pullout tests.Instrumentations included pressure cells, pore water and suctions transducers as well as 
four strain gauges and LVDTS. The results of the pullout tests in soil with saturations of 38 % and 75 
% were presented and the main points of the results were that: 
1. the vertical soil stress measurements by the load cells during drilling and grouting and pullout 
indicated that significant stress reduction and redistribution were noted during drilling. During 
grouting further reduction occurred due to softening of soil due to water in grout, and only 
slight increase was noticed after the completion of grouting or before pullout commencement. 
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Overall, the data showed that 70-95 % of the induced soil stress was reduced after drilling and 
a mere 10-20 % of the stress was regained by the soil after grouting, 
2. increases in soil pressure tranducers were noted during pullout and it was associated to 
constrained dilatancy of soil subjected to shearing, 
3. the shear resistance develop at small displacements, typically less than 2 mm, and 
4. no apparent relationship existed between the peak pullout resistance and the overburden 
pressure. This is depicted in Figure  2.11.15 and is represented by the flat horizontal line. 
 
 
Figure  2.11.15: Calculated and measured peak pullout resistance for (a) 35 % saturation and (b) 75 % 
saturation (modified from Su et al, 2008). 
On the other hand Yin and Zhou (2009) performed very similar work  to investigate the 
influence of grouting and overburden stress in similar material by carrying out pullout tests. The 
results were rather different and they showed, as depicted in , that the at low grout pressures the 
pullout resistance is hardly dependent on the overburden pressure and that it increased for higher 
grouting pressures. 
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Figure  2.11.16: Peak shear resistance versus overburden stress (Yin and Zhou, 2009). 
Similarly, Su et al (2010) carried out parametric study by finite element analysis of the work 
performed by Su et al (2008) to investigate the effects of overburden stress. It was found that the finite 
element model simulation yielded results that were in good agreement with the laboratory tests. 
However, as with the laboratory work, the finite element analysis results showed that the pullout 
resistance did not vary with the overburden stress. This result of the finite element analysis is shown 
in Figure  2.11.17.   
 
Figure  2.11.17: Finite element analysis results of pullout resistance versus displacement at different 
overburden stress (Su et al, 2010). 
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Zhou et al (2011) performed finite element modelling of pullout testing on soil nails under 
different overburden and grouting pressures. The results showed that the peak pullout force increased 
as either the overburden and the grouting pressures increased. 
2.11.8 Dilatancy 
Dilatancy is a phenomenon that describes the behaviour of soil under shearing. When soil is 
confined under stress and shearing force is applied, the soil particles slide over each other in both the 
vertical and horizontal directions. This movement of the particle as result of the shearing in the 
vertical direction relative to the horizontal direction is called the soil dilation and it is measured in 
degrees. The soil dilation normally accompanies stress increases perpendicular to the direction of 
shearing. Off course this description is only related to the direct shearing test, where the problem is 
rather a plane strain and that the soil expansion is allowed only in the vertical direction perpendicular 
to the shearing plane. However, the more appropriate description of dilation is, at least for the soil 
nailing problems, that the soil expansion is both radial and tangential, hence the problem is more 
appropriately describe by the triaxial strain problem (Luo et al, 2000). 
In soil nailing, the dilation is a complex and an important factor that is thought to affect the 
apparent frictions angle and the shear strength of soil, as it results in an increase in normal stresses at 
the interface of the soil and nail and thus resulting in an increase in pullout capacity. The proper 
description in the case of soil nailing that result in an increase normal stress and in pullout resistance 
is called constrained dilatancy. The equation describing the dilation is given by 
߰ ൌ ߶௠௔௫ᇱ െ ߶௖௩ᇱ   2.11.2 
Many investigators have studied the influence of dilation on the behaviour of soil nails 
(Milligan et al, 1997; Luo et al, 2000; Chai and Hayashi, 2005; and Su et al, 2010) while others have 
studied the effects of other parameters, such as the suction and moisture, on the dilatancy behaviour of 
soil (Hossain and Yin, 2014). 
Luo et al (2000) demonstrated theoretically that the normal pressure on the nail during pullout 
increases due to soil dilation, resulting in higher apparent angle of friction. The analytical study also 
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showed the dilation effect diminished with increasing nail diameter and hence the pullout resistance 
of large diameter nails is not influenced largely by this effect. 
Chai and Hayashi (2005) investigated the effect of constrained dilatancy on pull-out 
resistance of nails in sandy clay by performing field and laboratory pullout tests. The main points 
drawn from this study were that the in dry soil condition increase in normal stress was measures 
during the pullout test and for the soil in wet condition dilatancy thrust decreased with increasing 
water content. 
Perhaps the most important numerical study to assess the effect of dilation on the pullout 
performance of soil nail was by Su et al (2010), where laboratory pullout tests were simulated and 
compared to the laboratory tests. Pullout tests were simulated under different overburden pressure 
(OP) and different degrees of constrained dilatancy. The peak pullout stress is plotted against dilation 
angle in Figure  2.11.18 and it clearly shows that the constrained dilatancy plays an important role in 
the development of the pullout resistance. 
 
Figure  2.11.18: Numerical results on the trend between pullout resistance and dilatancy angle at 
overburden pressure of 120 kPa (Su et al, 2010). 
Hossain and Yin (2014) similarly investigated the dilatancy of an unsaturated soil-nail 
interface in direct shear tests using completely decomposed granitic soils. It was found that there was 
a direct relationship between dilatancy and the soil suction. This is depicted in Figure  2.11.19. 
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Figure  2.11.19: Variation of dilation with matric suction at different normal pressures in direct shear 
test (Hussain and Yin, 20104). 
2.11.9 Moisture content (degree of saturation) 
Chai and Hayashi (2005) investigated the effect of moisture content on the pull-out resistance 
of nails in sandy clay by performing small scale laboratory pullout tests. The relationship between 
maximum pullout force and water content for all the field and laboratory tests are shown in 
Figure  2.11.20. 
 
Figure  2.11.20: Relationship between pullout resistance and water content (Chai and Hayashi, 2005). 
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From the figure it can be observed that at certain soil moisture content the pullout capacity 
drops abruptly. Similar trends were observed for the calculated bond resistance 
Gurpersaud et al (2013) showed similar results obtained from experimental pullout tests on 
soil nails in both saturated and unsaturated sand. A plot of the pullout capacity tests against matric 
suction or degree of saturation is shown in Figure  2.11.21. The results show that the pullout capacity 
is almost 1.5 times larger for the unsaturated soil than for the saturated conditions. 
 
Figure  2.11.21: Pullout capacity variation with matric suction (Gurpersaud et al, 2013). 
2.12 Centrifuge testing  
Centrifuges are usefull tool for investigation of earth structures. The use of centrifuge testing 
is mainly performed to study the behaviour of soil nail reinforcement structure subjected to dynamic 
seismic loadings. The principle of centrifuge testing is to recreate the gravitational full-scale forces in 
a model with a scale of 1/n by increasing the centrifutal force by a factor of ‘ng’. Several laboratories 
employ different types and scale of centrifuge apparatus to test for a variety of different scenarios. 
Bolton (1991) gives a full description of the working and capabilities of centrifuge apparatus and their 
effects on scaling facter ‘n’.  The benefits of centrifuge testing is that large forces can be induced in 
model testing to represent the stress distribution in a full scale prototype. Perhaps one of the biggest 
uncertainty in centtrifuge testing is the scaling of the various quantity parameters between the 
prototype and model. 
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Bolton and Stewart (1991) investigated long term behaviour of nailed wall installled in clay 
material and tested in centrifuge. The centrifuge tests were undertaken to invesitgate the performance 
of the soil nail wall as a result of the changes in pore water pressure in overconsolidated stiff clay 
material. The centrifuge model consisted of a thin layer of clay and tested at high enough accerelation 
that was equivalent to 15 m thick clay layer. Displacement transducers were placed on the wall face 
and strain gauges were used in the three model soil nail. These soil nails were subjected to different 
restraining configurations and different groundwater conditions. The main conclusions from this study 
were that a two-block failure mechanism resulted from the centrifuge tests and that the elimanation of 
such by downward seepage of water did not result in early failure of the reinforced wall. 
Longitudinal studies by other investigators who have used centrifuge testing to investigate the 
various problems of soil nail reinforcement include Davies et al (1997), Rotte and Viswanadham 
(2012), Tei et al (1998), Tsuha et al (2012), Rotte and Viswanadham (2012) and Zhang et al (2014) 
among many others. 
Davis et al (1997) carried out centrifuge tests on a slope with sequential excavation and nail 
installation stages and measured the lateral displacements of the model slope. It was found that the 
displacments measured from the model matched well with the measurements from the actual 
reinforced structure.  
Perhaps the most relavant study was performed by Tei (1993) and Tei et al (1998) where 
centrifuge model tests were carried out to study the influence of nail length, surface roughness, nail 
inclination, model displacements, facing stiffness and failure mechanism. Tei (1998) found that the 
apparent coefficient for rough and smooth nails for their cooresponding vertical stress may be 
estimated from the . An interesting observation was made in regards to the nail orientation from the 
centrifuge tests that the orientation of the nails had negligible influence on the stability of the slope. 
This result is quite opposite to the results of many other investigators discussed earlier. 
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Figure  2.12.1: Influence of surcharge load on the friction angle and apparent friction coefficient 
2.13 Direct-shear testing 
Many researchers have used various size shear boxes to study the behaviour of soil-nail 
interface. The testing methods generally consist of placing the nail or grout in the lower half of the 
box and the soil in the top half. The application of loads and shearing is similar to the direct shear 
testing conducted for soil shear strength evaluation.Therefore, direct shear tests is an easy and 
convenient method of testing the behaviour of soil nail under pullout forces.  
Pedley (1990) performed tests by using a medium and a large direct shear apparatus on 
several types of nail-soil interfaces including rough and smooth steel surfaces against two types of 
sand. As a result, it was found that the reinforcement surface roughness, orientation had significnt 
influence on the axial stress of nail, but with the shear stress this effect was limited. Also, it was found 
that the reinforcement stiffness had a large impact on the shear strength of soil and it generally 
resulted in increase in soil strength and vice versa. 
Davies and Le Masurier (1997) performed direct shear tests in a large shear box to study the 
interaction mechanism of soil nail. The investigation was focused on the stifness of nail and soil using 
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steel and aluminium nails (40 mm diameter and 2.8 m long) embedded in medium dense sand and 
compacted cohesive fill material tested under confining pressures of 100 kPa and 200 kPa. 
Hossain and Yin (2014) considered the influence of dilatancy and strength on the interface 
behaviour of soil-cement in direct shear tests using decomposed granitic soil. It was found that the 
normal stress had a significant influence on the hardening or sofening and dilatancy of the soil-cement 
grout interface. 
Chu and Yin (2005) performed both large-size (0.31×0.31 upper and 0.41×0.31 lower 
sections) direct shear tests and laboratory pullout tests using a box with internal dimensions of 0.69 m 
long, 0.56 m wide and 0.61 m high. Interface shear tests were conducted in the direct shear box using 
various roughness angles and the results were compared to the laboratory pullout tests. From the 
comparison of the results from the direct shear box and pullout tests sit was recommended that the 
direct shear box can be used reliably in determination of the interface shear parameters required for 
the design of soil nail. 
2.14 Finite element analysis 
The use of finite element analysis in complex civil engineering applications is well reported 
in the literature. The method has been used primarily as a research tool to evaluate the effect of the 
main design parameters on the engineering behaviour of the structure, ground movement, and 
working forces in the soil nail inclusions. Hence it is a very powerfull tool at the disposal of engineers 
to study complex design problems as it offers many advatages in terms of analysis types and 
efficiency. Despite its popularity, the method of finite element method is still developing in soil 
nailing problems as it is a very complex problem to simulate properly and the interaction mechanism 
is not well known, at least from the experimental point of view. Although the finite-element results 
are rather qualitative, they provide a significant insight into the fundamental understanding of the 
system behaviour and relevant input into the selection of the main design parameters. 
Nevertheless, several investigators have made serious attempts to study the various aspects of 
soil reinforcement and soil nailing in particular. The most important and original works were 
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undertaken by Chew et al (1991), Ho and Smith (1991), Ehrlich et al (1996), Benhamida et al (1997), 
Smith and Su (1997), Zhang et al (1999), Yang and Drumm (2000), Ann et al (2004), Bayoumi et al 
(2008), Fonza et al (2008), Cheu et al (2009), Zhou et al (2009), Hong et al (2011), Li et al (2011), Su 
(2010), Tejchman (2010) and Zhou et al (2011) among many others. Some of the aspects of soil 
nailing that were considered by these investigators were the pullout resistance, parametric analysis of 
the various design parameters, soil-nail interaction, wall deformations, construction sequence, 
influence of grouting pressures, influence of overburden pressures and effects of nail surface 
roughness as well as the saturation or moisture content of soil.  
Part of the complexity of the soil nail analysis by finite element is related to the modelling of 
the soil-nail system and the use of different constitutive models. The two principal approaches of 
modelling the soil-nail system are discrete and composite. In the first approach, the soil and nail is 
modelled separately or distinctly and it entails some kind of formulation for the frictional contact 
behaviour. In the second approach, both of the elements in the system are represented by orthotropic 
and homogenous material with enhanced strength and stiffness properties that are assigned for the 
nail.  
Attempts have been made by several investigators (Benhamida et al,1997; Smith and 
Su,1997; Yang Drumm, 2004; Ann et al, 2004 and Zhou et al, 2009,2011) to compare finite-element 
predictions with observed behaviour of instrumented structures. However, the use of finite-element 
method in soil nail design is currently limited due to the difficulties with regard to the actual 
construction stages, installation process of the soil nails and the nail-soil interface behaviour that are 
very difficult to simulate.  
Currently there are three types of formulations that are adopted by various investigators to 
modell the nail-soil interafce behaviour. The first approach is to model the interface as frictional 
contact surfaces, in which large displacements are allowed between the soil and nail media. The 
secont approach is to model the inclusion as a structural element, namely, beam element. And thirdly, 
a thin layer of elements is inserted between the nail and soil interface as a contact surface. The 
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advatage of the third approach is that it eliminates any convergence problems in the model simulation. 
Apart from this, no one method stands supriorp to the other. 
Ann et al (2004) undertook a 2D finite element analysis modelling analysis of an 
instrumented soil nail wall in Singapore. The nails was modelled as a beam element and for the 
interface a 10-node rectangular joint element was used that was govenred by the Mohr-Coulomb 
failure criteria. The comparison of the finite element analysis with the field data results showed that 
the axial forces compared poorly. However, the predicted and measures surface displacements 
compared reasonanly and the maximum displacment differences were within ±(1 to 2) mm. 
Additionally, similar work was performed by Li et al (2011) where the results of a large 
laboratory pullout tests were compared with finite element model analysis using expansive soil 
material under the effects of rainfall event where the soil tends to undergo large volume change due to 
moisture changes. The results of the numerical analysis showed that the axial forces along the nail 
length increased with rainfall duration. The comparison of the numerical and the measured results for 
the vertical displacement indicated the soil profile to heave for the numerical analysis and settle for 
the measured values. The comparison of the axial forces were in good agreement. 
Bayoumi et al (2008) performed finite element analysis of an inclusion embedded in soil 
under drained and undrained conditions.pullout capacity of a reinforced soil in both drained and 
undrained conditions.  The various parameters that were investigated were interface friction, vertical 
stress, pullout capacity, the undrain to drain ratio of the pullout capacities, overburden pressure, 
coefficient of lateral pressure and sand density. It was observed from the analysis that the pullout 
capacity depended largely on the overburden pressure, interface friction coefficient and drainage 
conditions but it did not depend on the horizontal stresses, soil stiffness or strength. An important 
result relating to this research was that the contours of the stresses (horizontal, vertical and shear) 
showed that the stresses were concentrated towards the oppposite end of the reinforcement from 
which the pullout force was applied. The auther’s view on this work is that this result is rather 
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contrary to many experimental studies that show the stresses and soil stiffness do have influence on 
the results of pullout resistance. 
Benhamida et al (1997) performed numerical analysis of a full scale experimental soil nailed 
wall called Colouterre project and presented the results of the facing displacements and mobilised 
tensile forces in the soil nails during the various construction phases. The results obtained from the 
numerical analysis compared well with the observed measurements from the field. 
Zhou et al (2009) performed 2D plane strain numerical numerical modelling of soil nails in 
loose fill slope under surcharge loading and compared the results with field tests carried out by Li 
(2003). Using different modelling of nail-soil interface such as embedded element and embedded 
bond-slip, it was found that the embedded bond-slip method was more appropriate at mimicking the 
field data. It was also found that surcharge loading resulted in increased normal stress on the upper 
nail and large forces were mobilised in the upper slope section. The distribution of the nail forces 
varied largely with the type of modelling adopted, but the general shapes of the cruves were 
consistent. In a similarly separate study, Zhou et al (2009) investigated the interaction between nail 
and sorounding soil by the proposition of an embedded bond-slip model. The formulation was used in 
finite element analysis and back analysis of field data showed that the postulated model was better 
capable of simulating the soil-nail interaction that the conventional embedded element technique. In a 
more recent publication, Zhou et al (2011) published the findings of a 3D finite element analysis that 
simulated the pullout behaviour of soil nail under different overburden and grouting pressures. The 
stress-strain behvaiour of compacted completely decomposed granitic soil was described by modified 
Drucker-Prager/Cap model and the soil nail interface was modelled by the Coulomb friction model. In 
the finite element model, the nail was modelled as a beam element and it was constrained to a thin 
layer of interface soil inserted between the nail and soil. All the parameters were determined by back-
analysis of the laboratory pullout test results. It was shown, that the comparison between the 
modelling and the experimental work matched reasonably well and that the finitelement modelling 
can be used with reasonable accuracy to simulate stress release during drilling, pressure grouting and 
saturation of soil. 
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Kim et al (2013) studied the effect of pressure grouting on the performance of soil nails and 
the stability of weathered soil slopes by conducting 2D and 3D finite element analysis. The results 
were compared with field testing. The results of the finite element analysis indicated that pressure 
grouting resulted in an increase in safety factor by shifting the failure slip surface deeper towards the 
slope when compared to natural slope and gravity grouting from 11% and 50%, respectively. Also 
higher pullout resistance was observed for the pressure grouted soil nail than the gravity grouted soil 
nail. 
Su et al  (2010) carried out comprehensive study on the influences of overburden pressure and 
soil dilation on soil nail pull-out resistance using full 3D finite element analysis and verifying the 
results with the results of a large scale experimental tests. The experimental test results were 
presented by Chu (2003), Chu and Yin (2005) and Yin et al (2009). In the numerical modelling a 4.0 
mm thin layer of elements at the nail-soil interface was specified as the shearing zone, hence there 
was no surface contact used between the nail and the surrounding soil. The shearing zone was allowed 
to undergo plastic deformation. From the numerical study, it was found that the overburden pressure 
did not result in only slight increase in the pullout resistance. Further, it was found that the soil 
constrained dilatancy played an important role in the increase of pullout resistance.  
Yang and Drumm (2000) conducted a finite element analysis a soil nail excavation in mine 
waste. The results of the analysis were compared with field measurements under gravitational 
loadings and the results were extrapolated for the conditions near failure through the application of 
surcharge load. The results of the numerical analysis concluded that the nail axial forces were very 
small under the gravitational force but increased under surcharge load. Also, regarding the excavation 
stability, it was noted that the soil nails contributed very little to thee overall global stability. 
Zhang et al (1999) investigated ground settlement analysis of soil nailing by three-
dimensional (3D) finite element modeling with particular emphasis on the soil nonlinearity behavious, 
soil-nail interaction and construction. The results of the finite element analysis are compared with a 
case history. The results of the investigation are summarised as follow: 
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1. The horizontal displacements decreased with excvation depth, it also decreased with 
increasing nail length, 
2. The vertical settlement is largest at the crest or edge of the excavation and their magnitudes 
are similar to the horizontal displacement, 
3. Ground movements decreased with decreasing nail spacings, 
4. The field prototype was analysed and the results were compared and it was demonstrated to 
be in agreement. 
2.15 Computer programs  
There are numerous programmes that are found dealing with the stability of reinforced earth 
slopes. Some of these are commercial and others are for academic and in house use that are not for 
sale. The following review summarises the types and function of some of the programmes that are in 
circulation and used by many practitioners.  
1. SLIP: This is a slip program that was developed in Nottingham, UK. It calculates the factor 
of safety using the Simplified Methods, for example Bishop, Janbu and Swedish methods 
(Morrison and Dikran, 1995). The programme is very simple to use and it does not provide 
any graphical output. 
2. SNAP: It is an acronym for Soil Nail Analysis Program that was developed by the FHWA. Its 
features include the ability to carry out both internal and external analysis for static and 
seismic loading conditions. It was based on the on the FHWA guidelines in Byrne et al(1998). 
SNAP allows for phreatic surface ground water model and seismic forces are also considered 
in the external stability calculations. 
3. STABLE: The programme uses circular and non-circular slip surfaces and adopts four 
methods of analysis for slopes, namely, Bishop, Morgenstern & Price Wedge and Simplified 
methods. It is user friendly and input geometry can be read from the CAD file and output in 
same format. The minimum factor of safety can be calculated on a grid of point specified by 
the user and the details are tabulated or can be output graphically. 
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4. SLOPE: This software is used for the analysis of unreinforced and reinforced slopes. It 
adopts the Janbu method of analysis for the reinforced slopes for unreinforced slope it uses 
the Bishop, Janbu, Swedish and Spencer methods. The program gives a summary of the slip 
surfaces including factor of safety graphical text formats. 
5. STABGM: This program was initially used in 1985 to analysis reinforced earth slopes by 
using Bishop and Swedish methods of analysis. The program was developed in the USA 
specifically for geosynthetic reinforcement. It is considered not user friendly and has no 
graphical outputs (Morrison and Dikran, 1995). 
6. TALREN: Talren is a French programme that was developed by Terrasol in 1980. The 
program has both hydraulic and seismic analysis capabilities. In addition, unlike most other 
programmes, it performs analysis on various reinforcement types such as soil nails, anchors, 
braces, geosynthetic and piles. Knochenmus et al (1997) provides a detail description of the 
theory adopted by the programme and its capabilities for analysis of complex reinforced soil 
structures. Knochenmus et al presented two case histories of complex reinforced structures (St 
Martin de Queyrieres and Monaco underground railway in a seismic zone) that were 
successfully designed using Talren.  
7. ReACTIVE: This software was developed for the Transport Research Laboratory in UK and 
it is based on the HA 68/94 code titled design methods for the reinforcement of highway 
slopes by reinforced soil and soil nailing techniques. The programme uses the two wedge 
mechanism to calculate the factor of safety from the user entry details such as the geometry, 
soil, water, surcharge and reinforcement properties. The results are presented in graphical and 
tabular formats. 
8. SNailz: SNailz was developed by the California Department of Transportation. It performs 
stability analysis of soil nail slopes as well as the analysis of structural facing of the slopes 
with or without soil nail. The analysis is based on the force limit equilibrium using bilinear or 
trilinear search slip surfaces. It provides graphical inputs and outputs. The program offers 
both the Allowable Stress Design and the Load Resistance Factor Design methods of analysis. 
It also consider seismic and ground water. 
87 
 
9. GoldNail:  was developed by Golder Associates. It uses slip failure surface and the limit 
equilibrium is considered against rotation and translation defined by the slip surface. GoldNail 
can analyse slopes with and without soil nail reinforcement or structural elements of the 
facing. GoldNail can analyse circular surfaces. Both methods take into account the tensile 
resistances of the nail crossing the failure surfaces. The program uses both the Allowable 
Stress Design and the Load Resistance Factor Design methods.  
2.16 Helical foundation anchor 
Helical foundation anchors are said to have been evolved from the early pile foundation. The 
first recorded use of helical pile was in 1836 by a blind Irish brick maker and civil engineer named 
Alexander Mitchell (Perko, 2009) and his invention was patented in England as screw pile. The first 
use of screw pile was for ship moorings and later it was used for foundations for light houses and 
other marine structures. In the mid to Late 1800s, the screw pile was extensively in pier and bridge 
constructions and the perhaps the first technical documents were published in the Engineering News 
in the 1890. Since then, the screw piles were soon used in construction of foundation around the 
globe. More recently, the screw piles are being used for the purpose of foundation anchors and there 
are extensive theoretical and experimental works carried out on buried helical anchor by numerous 
authors (Clemence, 1985; Kulhawy, 1985; Das, 1990; Ghaly et al., 1991; Lutenegger, 2009; Perko, 
2009; Sakr, 2009 and Tsuha et al. 2012). A detailed discussion on the historical development and 
theoretical work on the helical foundation anchors are given in Das (1990) and Perko (2009). But here 
the author would like to briefly provide some discussions on some of the important research related to 
the current research on the soil nail that have been carried out in the area of anchors.  
First, it is very important to understand that the behaviours of foundation anchors and soil 
nails are rather different from the design and performance perspectives. Some of the fundamental 
differences between the two mainly are: (1) the modelling of anchors is done by the limit equilibrium 
method, whereas for the soil nails it is more accurately modelled by the kinematic limit equilibrium 
approach (Juran et al., 1990); (2) anchors may be prestressed during installation, but the soil nails are 
not prestressed; (3) foundation helical anchors are routinely installed on average torque and soil nails 
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are installed based on the design length; (4) anchors are designed primarily for tensile loads with the 
compression and moment forces being insignificant, however, for the soils nails both axial and 
moment forces are significant (Juran et al., 1990); (5) the three methods for predicting the pullout 
capacity for the anchors are ‘cylindrical shear’, ‘individual plate bearing’ and empirical ‘installation 
torque’; (6) soil nails are designed on the average allowable shear resistance; (7) the design analysis 
procedures take into account the shearing, tension and bending resistances for the soil nail and for 
anchors it is the tension and compression forces; and (8) most importantly, the confining soil stresses 
in the vertical and horizontal directions are dissimilar for the two types of inclusions, hence the failure 
mechanism is developed differently for the two systems and controlled by different parameters.  
Kenny et al (1997) performed systematic experimental investigation in loose to medium 
dense sand soils to optimise the auger flight geometry during penetration and rotation by measuring 
the soil disturbance and density change during augering. Several model augers with various pitches to 
diameter to penetration rates were tested in loose, medium and dense sand. The sand density was 
measured with a thermal probe and the sand surface heave or settlement profiles as well as the volume 
of transported sand were measured quantitatively for the different penetration rates. It was found that 
there is an optimum penetration, depending on the pitch ratio, below which the flight cause 
disturbance and above it the surrounding soil is dandified. It was concluded that the densification is 
greater for the steeper flights and larger stem diameter, but the installation of such configuration may 
be difficult due to large torque required and limited capability of rigs. Almost all the experimental 
investigators who have performed laboratory tests in the area of the foundation anchors have used 
very small pitch ratios and in the light of work done by Kenny et al it is likely that the installation 
would have resulted in the disturbance rather than densification of the surrounding soils. 
In spite of the fact that the current understanding of the behaviour of the anchor is somewhat 
lacking (Kulhawy, 1985 and Merrifield, 2011), but nonetheless, a skimming review of the literature is 
deemed appropriate in the context of the current research and for the evident reason that the practice 
of soil nailing naturally evolved from the foundation anchors, which in turn evolved from the more 
traditional foundation types. 
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Kulhawy (1985) presented a general framework for the behaviour of the anchors and 
categorises them into ‘spread’, ‘helical’ and ‘grouted’ types based on the geometry and construction 
methodology adopted. The components contributing to the uplift capacity of the anchors are the 
weight of anchor and enclosed soil, tip resistance, side resistance and the shear resistance along the 
general shear surface. The generalised shear surface for anchor comprises ‘cone or wedge break out’, 
‘cylinder’ and ‘punching or bearing’. An important result reported by Kulhawy is that the anchors 
possibly could minimise the soil disturbance and allow for the full in situ soil strength parameters to 
be used, but in reality ‘significant’ disturbance does happen and the resulting shear surface is 
cylindrical.  
A search of the literature reveals that very few investigators have performed tests on multi-
helix anchors models as reported by Merifield (2011). Mitsch and Clemence (1985), Mooney et al. 
(1985), Lutenegger et al. (1988) were among the few authors who performed experimental studies on 
multi-helix foundation anchors. Mitsch and Clemence (1985), Mooney et al. (1985) proposed a semi-
empirical expression for the uplift capacity of multi-helix anchor based on observation that the failure 
mechanism comprises a general bearing and cylindrical failure patterns shown in Figure  2.16.1. 
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(a) (b) 
Figure  2.16.1: Failure surfaces for (a) deep and (b) shallow foundation anchors based on laboratory 
test observations (Mitch and Clement, 1985) 
On the other hand, Ghaly et al. (1991) conducted laboratory tests on different anchor models 
embedded in sand material compacted at various densities and provided a similar expression for the 
pullout resistance of single helical anchor in sand. However, the experimental observation of the 
failure mode of the anchor is somewhat dissimilar to that of the Mitsch and Clemence (1985) as 
shown in Figure  2.16.1. 
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Figure  2.16.2: Failure surfaces for (a) shallow, (b) transit and (c) deep foundation anchors (Ghaly et. 
al, 1991) 
Despite the numerous researchers attempting to develop their theories in the area of helical 
foundation anchors, there still many problems to overcome. One such a problem is whether one could 
apply the theories of the vertically installed helical foundation anchors to the horizontally embedded 
soil nails. Additionally, as remarked in the subsequent section on the anchors, unfortunately the 
behaviour and the current theories developed for the performance of the anchor is not satisfactory and 
it is very different to that of the soil nailing.  
For example, Tapperden et al (2009) undertook a study into the load transfer behaviour of full 
scale instrumented anchors installed in natural soils. The anchor consisting of triple-helix was 
fabricated and instrumented with stain gauges at incremental distances as depicted in Figure  2.16.3. 
The helices were spaced at 1.5 times the helix diameter or 0.533 m. The load testing program included 
two static load testings to failure of two anchors at different sites in both compression and tension. 
The resulting load distributions, in tension and compression, obtained at various stages from the 
experiment were compared with the predicted by the cylindrical method and presented. As a result, it 
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was found that for the test anchor loaded in tension, the predicted and measured load distributions 
varied significantly. Also, the lowermost helix of the test anchor loaded in tension contributed 
significantly to the ultimate axial capacity in uplift. Consequently it was suggested the modification of 
the failure model to consider the lowermost rather the uppermost helix contribution to the axial 
capacity of anchors.   
 
Figure  2.16.3: Test helical anchor and strain gauge locations (Tapperden et al, 2009) 
As a conclusion, it is clear that at present there is no unanimity of views concerning the 
mechanism governing the pullout capacity of anchors nor it is clear from the literature that research 
outcomes of the anchors can be applied to the soil nails.  
2.16.1 Plate bearing method 
The plate bearing method is based on the assumed failure mechanism that each helix plate 
displaces the soil and hence contributes to the ultimate uplift capacity. The distribution of the assumed 
forces on the helical pile is shown in Figure  2.16.4 and it consist of uniform pressure on each helical 
plate and adhesion resistance along the shaft. Therefore, ultimate capacity is the sum of the individual 
bearing capacities plus the shaft adhesion, given by 
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ܳ௨ ൌ ߙܮܲ ൅෍ݍ௨ܣ௡
௡
  2.16.1
The ultimate bearing capacity can be computed using the Terzaghi or Meyerhof bearing 
capacity bearing equations: 
ݍ௨ ൌ ܿ ௖ܰݏ௖݀௖ ൅ ݍ ௤ܰݏ௤݀௤ ൅ 0.5ߛܤ ఊܰݏఊ݀ఊ  2.16.2 
And the bearing capacity factors are defined by 
௤ܰ ൌ ݁గ௧௔௡థݐܽ݊ଶሺ45 ൅ ߶/2ሻ  2.16.3
 
௖ܰ ൌ ൫ ௤ܰ െ 1൯cotሺ߶ሻ  2.16.4
 
ఊܰ ൌ ൫ ௤ܰ െ 1൯ tanሺ1.4߶ሻ  2.16.5
 
For cohesive soils, the ultimate bearing capacity the Skempton equation can be used, 
ݍ௨ ൌ 9ݏ௨  2.16.6
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Figure  2.16.4: Assumed failure mechanism for (a) cylindrical and (b) plate bearing methods (Perko, 
2009) 
2.16.2 Cylindrical shear method 
The cylindrical shear method treats the entire length of the helices as a cylindrical volume 
assumed to be mobilised. The forces acting on the assumed failure surfaces are shown in 
Figure  2.16.4.  According to this method, the ultimate capacity of the pile using the cylindrical 
method is found by adding the shear resistance along the cylinder formed by the helices, adhesion 
along the shaft and bearing on the top helix of the pile. Thus the equation representing the ultimate 
capacity of the pile in uplift is given by 
ܳ௨ ൌ ݍ௨ܣ ൅ ݏ௨ሺ݊ െ 1ሻݖߨܦ ൅ ߙܲܪ  2.16.7 
Where (n-1)z is the length of soil between the pile helices.  
A comparison between measured and predicted axial capacity was taken by Perko (2009). In 
total 112 full-scale load testings were carried on helical pile and anchors installed in various ground 
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conditions. The comparison tests were presented as normal distribution and it was shown that the 
determination of ultimate capacities were more precise for pullout than compression and also that the 
capacities of pile can be determined theoretically using the above methods with a reasonable degree of 
confidence. 
2.16.3 Empirical – torque method 
The simplest method to evaluate the capacity of helical piles is the application and 
measurement of torque during installation and correlating it to the load carrying capacity of a 
pile. The principle of this method is that as a helical pile is rotated into denser and deeper 
soil, the resistance to rotation or torque is measured. The higher the installation torque, the 
higher the pile capacity because higher installation torque is an indication of denser and 
stronger soil. Hence, the helical pile or tension anchor capacity is determined by measuring 
the installation torque and the empirical relationship between ultimate pile or anchor capacity 
in installation torque is, 
ܳ௨ ൌ ݇௧ܶ  2.16.8 
Where, kt is the empirical installation torque coefficient. The actual empirical torque 
coefficient vary from soil to soil for a particular pile or anchor and it depends on the helix 
shape, size, spacing, shaft cross-sectional shape, etc. It is value generally accepted by the 
industry is 32.8 m-1 for most square shafts of helical piles and tension anchors.  
The use of this empirical method was initially in-house and data first published in 
professional literature was by Hoyt and Clemence (1989) who are considered to be the first to propose 
the empirical equation solely on empirical data and experience. They considered the torque coefficient 
to be constant and depend on the shaft diameter.  
On the other hand, Perko (2009) gathered and analysed the results of 300 load tests and 
plotted the results of torque coefficient against shaft diameter and the following best fit empirical 
relationship was obtained from the regression analysis: 
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݇௧ ൌ ߣ௞݀଴.ଽଶ  2.16.9
Where λk is a fitting factor and is equal to 1433 mm0.92/m. This unusual unit of the fitting 
factor is the result of the regression output and it is chosen for unit consistency so kt ends up having 
the unit m-1.  
2.16.4 Lateral stresses 
The ideal design of installed helical pile is that it should advance into the soil with minimal 
disturbance. However, it is known that some disturbance caused by the lateral displacement of soil 
during insertion of the pile can cause an increase in lateral stresses immediately adjacent the pile. 
Mitsch and Clemence (1985) showed that the magnitude of lateral stress around helical piles is 
influenced by the initial density of the soil and the estimated this stress based on several load tests in 
sand and provided lateral earth pressure coefficients values that are plotted in Figure  2.16.5.  
 
Figure  2.16.5: Lateral earth pressure coefficient (Mitsch and Clemence, 1985). 
2.17 Evaluating level of disturbance 
Evaluation of the level of disturbance produced during the installation of the single and 
multiple helical anchors in normal and over-consolidated clay soils have been studied by Lutenegger 
et al (2014) and Lutenegger and Tsuha (2015). 
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The degree of disturbance is an important parameter in especially for saturated fine-grain 
soils, where it is thought to reduce the available shear strength of soil. Field investigation was carried 
out by Lutenegger et al (2014) by conducting vane shear tests near the anchor helices and at the 
adjacent ‘undisturbed’ at various depths. It was established that installation of helical anchor in clay 
produces varying degree of disturbances and a corresponding reduction in shear strength of soil. 
I was quantified that the best installation of helical anchor was at penetration of  one-pitch for 
each complete rotation of the anchor. As a result Lutenegger et al (2014) proposed the installation 
disturbance factor (IDF) as the ratio of actual measured installation to the ideal or perfect installation. 
The IDF was defined by 
ܫܦܨ ൌ ܴܲܣ   2.17.1
Where R is the measured revolution per unit of advance, A is the ideal number of revolution 
per unit of penetration and P is the pitch of helical plate. Figure  2.17.1 shows the results of the 
installation and the available shear strength. 
 
Figure  2.17.1: Correlation between Installation Disturbance Factor and available Shear Strength Ratio 
(after Lutenegger et al, 2014) 
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3 Apparatus 
 
3.1 Introduction 
Previous chapter some of the most important research work pertaining to soil nail and anchor 
foundation specifically to the helical anchors were presented. As were seen, there is variety of 
laboratory pullout testing devices in the literature. In this chapter, a summary of the special testing 
apparatus, instrumentation and laboratory testing equipment that were used in this research are 
presented. In this chapter an effort is made to describe the screw nail and the large box apparatus as 
well as the main instrumentations that form the core of this study. Hence, the main features of the box 
and the screw nail are discussed along with details of instrumentation and data acquisition. The 
methods of soil preparation and testing procedures are outlined in Chapter 4 followed by the results of 
the laboratory soil tests the apparatus used are given in Chapter 5. For completion purpose, a short 
summary of the soil testing equipment that were used during the carrying out of nail pullout tests are 
also presented at the end this chapter. Detailed discussion of the laboratory soil testings and their 
results are presented in Chapter 6. 
3.2 Screw nail One of the major objectives of this research is the study a new type of nail, 
namely screw nail, by carrying out laboratory pullout tests in cohesive and non-cohesive soils. In 
terms of the soil nail analysis, this work, to the best of the author’s knowledge, is the first of its kind 
in Australia, at least, if not globally.  
The main design philosophy behind the development of the screw soil nail is to allow for easy 
installation particularly in these types of soil conditions and enhance the soil around it to allow the 
maximum soil strength parameters to be utilised. The tapered head of the screw nail allows for the soil 
to be pushed out rather than turn and displace. It is therefore envisaged that the screw nail will 
perform better than either of the soil nail systems. Other advantages the screw nail offers are that the 
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penetration and torque are optimised for this type of system and it will also eliminate ‘bridging’ as is 
normally the case with the grouted soil nails.  
Other potential advantage of the screw soil nail is that the screw soil nail can be effectively 
used fill slopes and earth retaining structures to eliminate pore water pressure build up and providing 
additional stability against failure. Additionally it is well suited to specialist applications such as 
rehabilitation of distressed retaining structures. 
Notable features of the screw nail is the tapered stem and tip helix. The tip helix consists of 
three plates of which the first two are tapered and the last is not tapered. The thickness of the smallest 
tip helix is also designed to be thinner and tapered to cut the soil and extend it outward to provide a 
flight path for the following helices to pass through and further compress the surrounding soil. The 
sole purpose here is to create an optimum soil nail interaction resulting in better pullout resistance. 
Although design idea behind the development of the screw nail was conceived independently, 
but the general the general idea behind the development of the screw nail was based on the work of 
several authors both in soil foundation and retentions systems. Helical anchors have been used in 
foundation systems for quite a long time now and there are extensive theoretical and experimental 
works carried out on buried helical anchor by numerous authors (Clemence, 1985; Kulhawy, 1985; 
Das, 1990; Ghaly et al., 1991, Sakr, 2009 and Tsuha et al. 2012).  
Also, in regards to the general configuration of the screw nail the research work by Kenny et 
al (1997) was utilised to develop the optimal shape of the nail. Kenny et al (1997) performed a rare 
research work by systematic experimental investigation in loose to medium dense sand soils to 
optimise the auger flight geometry during penetration and rotation by measuring the soil disturbance 
and density change during augering. Several model augers with various pitches to diameter to 
penetration rates were tested in loose, medium and dense sand. The sand density was measured with a 
thermal probe and the sand surface heave or settlement profiles as well as the volume of transported 
sand were measured quantitatively for the different penetration rates. It was found that there is an 
optimum penetration, depending on the pitch ratio, below which the flight cause disturbance and 
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above it the surrounding soil is dandified. It was concluded that the densification is greater for the 
steeper flights and larger stem diameter, but the installation of such configuration may be difficult due 
to large torque required and limited capability of rigs. Almost all the experimental investigators who 
have performed laboratory tests in the area of the foundation anchors have used very small pitch ratios 
and in the light of work done by Kenny et al it is likely that the installation would have resulted in the 
disturbance rather than densification of the surrounding soils. 
Several full 3D and exploded components CAD drawings of the screw nail were produced 
and the drawings were given to external professional engineering fabricator to produce the prototype 
model. The Figure  3.2.1 depicts a view of model of the screw nail used in this research. A copy of the 
drawings showing the various aspects and dimensions of the screw nail is given in Appendix C. 
 
Figure  3.2.1: 3D CAD model of screw nail. 
3.2.1 Life cycle asssessment 
Life cycle assessment (LCA) provide a assessment of environmental impacts for the whole of 
product life cycle including material, manufacturing, assembly, transport usage and disposal. The 
assessment is done by the CAD’s inbuilt LCA criteria that are based on the industry-leading GaBi 
Environmental Database from the PE International and a report is generated automatically. The LCA 
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assessment report is included in Appendix A. The report outlines the carbon footprint, total energy 
consumption and air and water impacts over the time period of manufacturing the usage over the 
estimated product useful life of 100 years. 
3.3 Pullout test box 
Previous studies carried out in large pullout apparatus were discussed in detail in the literature 
review in Chapter 2. Researchers in the foundation anchor systems have tended to use small scale 
porotype model testing, but in the area of soil nailing most have used a large scale box similar in size 
to the one used in this research.  
The size of the large scale box typically consists of 1m in width and height and length up to 
2m. The basic requirements of the box are to accommodate the application of stress and the 
installation and pullout testing of the soil nail. Also an important requirement is to have reasonable 
stiff box to be able to withstand high confining pressures. Therefore based on these requirements and 
the requirement of setting up of the box adjacent to an actuator, a conceptual design of the box was 
produced and the drawings were given to an external fabricator.  Following a final review of the 
design, design drawings were issued that showed assembled and exploded views of the components. 
The drawings produced greatly aided the fabrication of the box.  Full detail drawings with exploded 
views of the box can be found in Appendix C. 
The main design philosophy behind the design of the box was to accommodate the prototype 
screw nail and to allow for detailed instrumentation and testing. The Figure  3.3.1 shows the box and 
its overall arrangement with dimensions. The inside dimensions of the box were 1 m in width and 
height and 1.5 m in length. Four 50 mm diameter bolts were welded to the bottom of the box and 
fastened to a large test frame assembly on the floor. A 150 mm diameter hole was cut in the front 
plate of the box for the insertion of the screw nail. The four steel members in the middle of the box 
were extended above the box and connected above the box to help with application of the vertical 
pressure by a pneumatic jack. The jack was connected to a fully automated hydraulic pump as 
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described in the following section. A separate stiffened plate was made to fit inside the box to exert 
the vertical stress onto the soil in the box.  
 
Figure  3.3.1: 3D CAD drawing showing the test box with typical dimension 
3.4 Hydraulic actuator rig 
Specialised testing apparatus greatly facilitated the smooth execution of this research project. 
A highly precise double-acting MTS 500 proprietary rig fitted with high capacity force transducer and 
a linear variable differential transformer (LVDT) was used for pulling the screw nail. The actuator 
pull-out force (tension) to the screw soil nail and the LVDT measurement of the nail head 
displacement were recorded by a DT80 data logger system and shown in real time.  
The MTS 500 actuator used provided an integrated and precision solution required for the 
application of pullout force. It is a high performance and reliable testing system used internationally 
by research organisations and industries for dynamic, fatigue, compression and tensile testings. The 
standard stroke length on the MTS was around 150 mm and a force rating of up to 500 kN. The force 
transducers used are propriety and they can achieve an accuracy of 99 % throughout the actuator force 
range. The LVDT for the rig is fitted within the actuator piston rod and produce an analogue signal 
with excellent linearity. 
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Figure  3.4.1: View of the laboratory testing apparatus and set up 
3.5 Hydraulic pump and jack 
For the application of the vertical pressure a 20 tonne ENERPAC series single acting 
hydraulic jack was used. The jack was connected to an automated hydraulic pump system depicted in 
Figure  3.4.1. A load cell and a laser displacement transducer were used to measure the surcharge on 
the top plate and its displacement during the application of the surcharge pressure and during pullout 
testing.  
The console delivering the hydraulic fluid to the jack was a type ADR-Auto automatic 
pressure unit shown in Figure  3.4.1.  It provides variable output and has the ability to pause and 
maintain the pressure up to 2 MPa pressure for periods up to 24 hours maximum. This relative short 
period of time for the application of surcharge pressure in fine soil was probably the only limitation of 
the pullout testing of the screw nail. 
MTS 
actuator and 
system 
control 
electronics 
Automatic 
hydraulic 
pump unit
Hydraulic 
jack and 
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3.6 Load cells 
Two types of load cells were used in the experimental set up. The first was a Shear-web Load 
Cell (model 1311/1391) from BCM Sensor Technologies with a capacity of 50 tonne and accuracy 
±0.02 % Full Scale Output (FSO). It was placed under the jack to measure and transmit the surcharge 
pressure data to the data logger.  
The second types were used in inside the box around the screw nail to measure tension and 
compression stresses. Load cells selected for this purpose were the S-type (model MLS24) for their 
high measuring accuracy and load measurement range of 0-500 kg. The MLS24 series load cell is 
compact and rugged model made from anodized aluminium alloy material and sealed with silicon 
rubber. The standard precision is 0.03 % FSO and it is ideal for measuring tension and compression 
forces with great reliability. These types of load cells have an advantage of being able to screw plates 
at both ends so that they can be better bonded with the soil for accurate tension and compression 
measurements of force in the soil regardless of the cohesive characteristics. The load cells are shown 
in Figure  3.6.1 and the calibration and installation method are described in full in Chapter 4. 
 
Figure  3.6.1: S-Type high precision tension and compression load cells 
3.7 Laser displacement transducer 
A laser displacement transducer was required and placed on the top of the box for 
displacement measurements of the top plate where the surcharge pressure was applied. The transducer 
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used for this purpose was of the series NCDT1302 used in industry for various measuring applications 
where performance and accuracy as well acquisition of real time data are required. The unit emits a 
red beam and has a measurement range of up to 50 mm. The accuracy is static measurements is ±0.02 
% FSO and takes measurements at rate of 0.75ms. Figure  3.7.1 shows the transducer. 
 
Figure  3.7.1: Laser displacement transducer. 
3.8 Strain gauges 
F series Lead-wire Integrated Foil strain gauges with pre-attached vinyl lead wire were used 
to measure the induced forces in the screw nail. These strain gauges are single element and use CU-Ni 
alloy foils for the grid and epoxy resin for the backing that show excellent electrical insulation 
performance and self-temperature compensation.   Typical gauge length ranges from 2 to 6 mm that 
are for metal and general use and gauges with narrow width (FLK – type) were selected for the 
relatively thin shaft of the screw nail. This gauge employs alloy foils which are 0.003 to 0.007 mm 
thick. Its gauge backing is made of epoxy resin with thickness of 0.03 mm which exhibits excellent 
electrical insulation performance. Various types of strain gauges are available in addition to general 
stress measurement gauges. 
The fatigue life of the strain gauges is the number of repeated cycles that the gauges can 
endure. The fatigue life of the gauges used in this research was within acceptable tolerances and 
showed maximum resistance to fatigue requirements. 
The operational temperature range of the strain gauges was with in normal range for static 
measurements, and it did not require any temperature corrections to be applied to the strain data. 
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The attachment of strain gauges to the screw nail required special applicator items such as 
cyanoacrylate adhesive tubes for affixing strain gauges, araldite adhesive for gauge protection against 
potential installation damage, 3 mm SB protective tape, 1 mm VM protective tape and abrasive paper 
for surface polishing. 
3.9 Data logger 
DataTaker DT500 data logger that is a useful tool to measure and record a wide variety of 
parameters automatically and it can be programmed to plot the data in real time, tabulate, archive and 
export to spreadsheets and graphing tools. The data logger was programmed in this research to carry 
out complex tasks by considering the following: 
1. Identification of the parameters to be measured, 
2. Selection of sensor and channels, 
3. Determination of sensor output scaling and calculations, 
4. Processing and reporting of data, 
5. Sampling frequency, and 
6. Volume of data collection. 
A very useful feature of the data logger was to be able to schedule triggers and pause the tasks 
at any stage. DT500 provides many different methods for scaling (conversion of electrical units to 
engineering units) and manipulating channel readings. Data manipulation includes sensor calibrations, 
real-time statistical functions, and real-time calculations. The acquired data can either be returned to a 
host computer in real time, or can be logged into memory for later recovery. The data logger provides 
many options and functions or spans to be defined for calibration of sensors and instruments, thus 
eliminating the needs for later data manipulation. The resolution of the DT500 is dependent on the 
unit of measurement such as voltage, current, resistance, frequency, temperature etc. and its basic 
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measurement accuracy depending on the unit of measurement varies between 0.1 % to 0.26 % of full 
scale plus a small offset error. 
3.10 Shimadzu Universal Tester 
Table-top AGS-X series precision universal tester from Shimadzu (Figure  3.10.1) was used to 
calibrate the testing equipment prior to use. The tester model offer a maximum load capacity of 10 kN 
and force measurement accuracy within ± 0.5 % at full load range. The tester calibration performed 
automatically for selection of tensile, compression or both forces. Displacement measurement is 
accurate to ± 0.1 % of indicated output value. Although the tester has an integrated main operation 
panel to create compression, tensile and cyclic test methods, but an advanced data collection and 
processing software called Trapezium X is normally used to take full advantage and control of the 
instrument for optimum results. 
 
Figure  3.10.1: Typical AGS-X series Shimadzu tester 
3.11 Soil testing equipment 
Two light weight testing equipment were used to check the consistency, shear strength and 
approximate shear strength of soil compacted in the box. This popular testing equipment is known as 
pocket penetrometer and shear vane. 
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Pocket penetrometer is an instrument designed for use in the field and laboratory to measure 
the soil strength, more specifically the unconfined compression strength. The dial is 63mm in 
diameter and comes with different size plungers with diameters of 10, 15, 20 and 25mm to allow 
strength measurements of soil with soft to hard consistencies. An image of the pocket penetrometer is 
shown in Figure  3.11.1. The penetrometer has direct reading scale in tons/ft2 or kg/cm2 corresponds 
to equivalent unconfined compressive strength of soil. The penetrometer is operated by slowly 
pushing the end of the penetrometer rod with or without a plunger into soil so that a groove marked 
near the tip is level with the surface of the soil. Once this is done, the value on the scale determines 
the unconfined compression strength directly from the scale in kg/cm2 or kPa. Normally, the test is 
repeated several times and an average value is obtained. When taking readings with pocket 
penetrometer, the maximum value is retained on the dial until released via push-button. Calibration of 
the penetrometer is very important and required by the national Australian standards. The 
penetrometer can be easily recalibrated using register plates (included) and any readable scale and is 
routinely carried out in-house or externally. 
Shear vane is a hand-held instrument used for determining soil shear strength providing the 
reading in kPa. The device is shown Figure  3.11.1 and is simple to use. A 19mm or larger size vane 
blade, depending on the soil stiffness, is screwed into the base of the dial and the vane is pushed into 
the soil. The dial is simply rotated at a rate of 1 revolution per minute and reading is taken off the face 
when the soil fails. The pointer stays in place when failure occurs, allowing the user to look up the 
indicated reading on the supplied calibration chart to get the pressure reading in kPa. Also, during the 
test the soil residual strength can also be taken after the failure of the soil by keep rotating the dial and 
reading the value of the second pointer. Extension rods are available to increase the depth 
measurement capabilities of the unit. The shear vane is supplied complete with a set of vane blades, 
calibration charts, wrenches and a carrying case. 
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Figure  3.11.1: Shear vane soil strength tester and hand held pocket penetrometer used in soil 
laboratory. 
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4 Testing Procedures 
 
4.1 Introduction 
In the previous chapter the description of the apparatus and their specifications were 
presented. In this chapter, the details of the testing methods and procedures are presented and 
discussed. The chapter is divided up in four parts, each covering the details of different aspects of 
laboratory set up and testing. An additional section is added at the end on the specific methods used in 
the laboratory testing of soils used for the purpose of characterising their properties. In all the 
laboratory soil testings, the relevant Australian standard methods in AS1289 were adopted and in rare 
cases other relevant standards such British, ASMT and Hong Kong standards were sought. 
4.2 Cohesive soil 
Cohesive residual Silurian soil from Boral quarry in Thomastown was deemed suitable for the 
purpose of pullout laboratory testing of the screw nail. The soil was checked on site before delivery to 
RMIT’s heavy structure laboratory to ensure the soil was consistent and sourced from a representative 
location and had reasonable clay content. As part of the brick making process, the soil is normally is 
pulverised first produce well mixed soil that is very uniform, shown in Plate 1. Approximately three 
bulk bags of the soil in pulverised form were delivered to RMIT for the initial laboratory soil testing 
and nail pullout tests. But before any pullout tests could be performed, it was necessary to prepare the 
soil by moisture conditioning and mixing for the designed density compaction ratio of soil in the box. 
4.2.1 Soils preparations 
An initial field moisture content of the soil was determined from the representative samples 
followed by a standard compaction tests to determine the maximum dry density (MDD) and the 
optimum moisture content (OMC). 
The amount of soil required for each layer of soil in the box was carefully weighed on a large 
scale and predetermined amount of water added and the soil was then mixed for several minutes in a 
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large concrete mixer (see Plate 2) that was sealed and allowed to cure for several hours. Small 
samples of the soil from the mixer were taken for quick moisture content determination of the 
prepared soil as a quality control measure. 
At the completion of the pullout testings, disturbed and u-tube samples for laboratory testings 
were taken during the removal of the compacted soil from the box. The soils were dug out with hand 
tools and placed in a large skip placed near the test box. 
4.2.2 Box set up and soil compaction 
The box was firmly fixed and secured on a heavy steel frame anchored to the floor and placed 
adjacent to the hydraulic actuator. Four 50 mm diameter threaded bolts attached to the bottom of the 
box were used to fix the box to the steel frame.    
Residual Silurian soil was moisture conditioned in a large enclosed mixer and let for moisture 
to stabilise before compacting. Required amount of the moisture conditioned soil was carefully 
weighed and placed and compacted to horizontal line markings inside the box. The compaction was 
carried out with an impact hammer using a large thick steel plate welded to the hammer ram. The soil 
was compacted in 50 mm lifts at 95 % maximum dry density at around 3% dry of the optimum 
moisture content. The main reason for soil compaction the on the dry side of the optimum moisture 
content was to reduce the effects of pore water pressure as much as practical. Density of the 
compacted soil was carefully monitored during the placement and compaction processes by 
measuring the consistency of the compacted soil with both shear vane and pocket penetrometer at six 
random locations on each compacted soil layer. After the compaction of the last layer, a 100 mm layer 
of fine sand was spread on the top of the residual soil for levelling purpose before the placement of 
the top surcharge plate. This is shown in Plate 9. Plates 2 and 3 included at end of this thesis that show 
the details of the soil compaction and density measurement. 
A removable plate was fastened over the 150 mm diameter hole in the box with screws during 
the soil compaction. 
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4.2.3 Instruments calibrations, installation and reading  
Prior to the placement of the load cells in the box, they were all calibrated using the Shimadzu 
tester discussed in previous chapter. The calibration results were entered into the computer program 
and the results were double checked for accuracy and consistency. 
Load cells were placed in the box during the soil compaction. Two load cells were placed in 
the vertical position near the bottom in the centre of the box and two additional load cells were placed 
in the horizontal position approximately in line with the screw nail in between the box wall and nail. 
The Figure  4.2.1shows the relative locations of the load cells in the box and their location details and 
dimensions are shown in drawings in Appendix E. Plates 5, 6 and 7 show the placement and 
completed installation of the load cells. Fine sand were placed around the load cells to encapsulate 
them and to prevent them from any damage during the compaction process. An additional load cell 
was placed between the top plate and the jack accurately to measure and control the surcharge 
loading. A laser LVDT transducer was placed on top of the box to measure the surcharge plate 
displacements during the application of stress and testing. Plate 11 depicts the location and installation 
of the top plate load cell and the laser LVDT. 
 
Figure  4.2.1: Location of horizontal and vertical load cells. 
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At the completion of the compaction process pressure readings were taken to establish the 
initial state of the pressure in the box without the application of the surcharge pressures. Also, 
following the application of the first surcharge, the box was left 24h so that the stresses and strains 
reach equilibrium. The results of the initial state of stresses and strains are given in Chapter 6. 
Two strain gauges (details are found in Chapter 3) were installed coaxially on the shaft 
between the front and rear helices of the screw nail and is shown on Plate 19. The procedure for the 
installation of the gauges can be summarised as following: 
1. Preparation: In order to bond the strain gauges to the steel shaft of the screw nail the 
following items that were initially prepared were strain gauges, bonding adhesive, connecting 
terminals, solvent (acetone), industrial cleaning tissue, abrasive paper (120 to 180 grit), 
masking tapes, marking pen, tweezers and coating material such epoxy resin and Buthyl SB 
tape. 
2. Positioning: The locations of the two surfaces slightly larger than the gauge bond areas were 
roughly determined and marked with masking tape. 
3. Surface preparation: Prior to bonding, the surfaces were initially cleaned by removing the 
grease and paint with the solvent and tissue. Then abrasive papers staring with the 120 grit 
and finishing with the 180 grit were used to ensure all rust and contaminants are removed and 
the surfaces are smooth. 
4. Fine cleaning: The masked surfaces were cleaned with the acetone several times to remove 
any residue. Following this cleaning process, the process of gauge attachment and gluing was 
started quickly to prevent any surface oxidation. 
5. Application of bonding adhesive: Following the final cleaning of the surfaces, fast-curing 
adhesive cyanoacrylate was applied to the prepared surfaces and the strain gauges were placed 
and covered with polyethylene sheet and pressure applied by thumb for about 20-60 seconds 
till the adhesive cured.  
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6. Coating material: Coating materials were used to protect the gauges from moisture and 
ambient moisture during measurements. SB tape was applied to cover the strain gauges and 
lead connection. Then a two-component with mixing ratio of 10 to 8 were applied and let 
cured at room temperature till it formed a hard shell around the strain gauges. Additional 
1 mm VM protective tape was applied as well to provide additional protection against 
possible damage during the installation and screwing of the soil nail. 
The fatigue life of the strain gauges is the number of repeated cycles that the gauges can 
endure. The fatigue life of the gauges used in this research was within acceptable tolerances and 
showed maximum resistance to fatigue requirements. The operational temperature range of the strain 
gauges was with in normal range for static measurements, and it did not require any temperature 
corrections to be applied to the strain data. 
4.2.4 Surcharge application 
Relatively low surcharge pressures were chosen due to concerns about the hydraulic jack 
overheating as a result of the requirement that the pressures on the top plate needed to be maintained 
for long duration. Therefore manageable nominal surcharge pressures of 5, 10 and 25 kPa were 
applied by the automatic hydraulic jack system for about 24 hours for each stage of the pullout tests.  
The general method of application of surcharge pressure was to input the desired pressure by 
programming of a pseudo compression test in the menu panel of the hydraulic pump system. Once the 
test started, the application of pressure would begin and when the required pressure registered by the 
surcharge load cell (displayed by the data logger in real-time) is reached, the test was paused and the 
pressure was maintained at that level without any pressure losses. 
It should be pointed out that prior to using the automatic hydraulic jack system several other 
methods such the use of a manual jacking and a screw type jack were tried but with very limited 
success. Other methods of using dead weights were also considered but it was not practical as it 
resulted in large weights that raised safety concerns and also, it resulted in similar low surcharge 
pressures as the automatic hydraulic system. In the end, it was decided to select the automatic system 
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and allow it to apply the required surcharge pressure within the safe limits of the pump. The results of 
the surcharge variation prior, during and after the application of the surcharge pressure are given in 
Chapter 6. 
4.2.5 Screw nail installation 
The screw nail was inserted into the box manually by a pair of stilsons. Proper care was taken 
to ensure that the self-drilling screw nail was inserted perpendicular, as shown in Plate 10, to the face 
of the box and parallel to the actuator axis to reduce any bending or twisting effects during pullout 
tests. The screw nail cut the soil without much disturbance and penetrated the soil with relative ease. 
The nail penetrated the soil an equal distance to the pitch distance per rotation of the screw nail shaft. 
The end of the hole was sealed up with a thick rubber that was slit across and diagonally several times 
to prevent excessive soil dislodging from the box. 
4.2.6 Pullout testing 
Prior to the start of pullout test, it was ensured that all the instrumentations were running and 
working and also that enough time was allowed for the soil to consolidate. Then pulling test was 
begun in sequence starting with the overburden pressure of 5 kPa then 10 kPa and ending with 25 kPa. 
The tests were performed in multistage fashion at a slow rate of 1 mm/min that was based on the 
typical values given in the literature and in AS, ASTM and BSI standards. After the completion of the 
first stage, the overburden pressure was increased and the pressure was sustained for 24 hours in 
preparation for the next stage of pullout testing. The testing was fully controlled by the actuator 
computer system generally the pullout testing took approximately up to an hour for each stage and 
during this time the load-displacement curve for the screw nail was monitored to ensure the peak and 
post peak loads were defined from the plots. The results and discussion of the tests results are 
presented in Chapter 6. 
4.3 Grouted nail test 
A grouted nail was tested after the completion of the screw nail tests. The screw nail was 
completely pulled out of the box and any loose soils in the hole were carefully removed (shown in 
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Plate 14). Installation of the grouted nail was carried out with a flexible tremie pipe (Plate 15) inserted 
into the box hole created by the screw nail. Design mix for the nail was prepared by mixing 10 mm 
nominal gravel, river sand and a water and cement ratio of approximately 0.45. Grout was poured into 
the tremie pipe and it was pulled out slowly as the grout filled up the hole. The tremie pipe was 
flexible with one end inserted into the hole and the other end was raised up to help grout flow under 
gravity pressure and to self-compact. A 22 mm reinforcement bar was inserted in the centre of the 
grout and the hole was covered with a steel plate, which is shown in Plate 16. The grout was allowed 
to set for at least 7 days to cure. The plate was removed and the hole in the box was enlarged by 
cutting a rectangular section in the box. This was to allow free movement of the grout nail during 
pulling which had irregular and enlarged diameter and also to reduce any possible boundary effects. 
Plate 17 shows the uncovering of the grout nail and Plate 18 shows the final shape after pressure 
washing to clean the surface soils. The full details of the pullout tests are given in Chapter 6.   
4.4 Non-cohesive soil 
One of the major objectives of testing the new type of nail in non-cohesive fine sand material 
was to investigate and compare its performance in terms of pullout capacity and to investigate the 
extent of the shear zones and the deformation patterns. This was only possible by using fine sand 
material. In terms of this type of testing, this work, to the best of the author’s knowledge is the first of 
its kind in Australia and may be globally.  
After the completion of the testings discussed in the previous section, the box was prepared 
again and firmly fixed and set up in similar manner as discussed in the previous section. More specific 
details of nail testing in sand where it varied from the above mention procedures are given below in 
the following sections. 
4.4.1 Soils preparations and pouring 
Fine sand described as poorly graded was air dried for several weeks before use. Sand was 
lifted by an overhead crane in bulk bags and poured in the test box from a small height allowing the 
sand to roll so that the sand density remained consistent and minimum density was achieved. It was 
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therefore assumed that the sand density in the box was at around the minimum value estimated from 
the min-max tests. The sand pouring procedure is shown in Plate 23. 
4.4.2 Casting of red sand bands  
In order to visually inspect the shear mechanism around the screw nail, eleven thin 
rectangular boxes, shown in Plates 21 and 22, were made from sheet metal and inserted in the box at 
even spacing. The sizes of the rectangular sections were 10 mm thick by 450 wide and were made 1 m 
long to fit the box. Red colour dye was added to the fine sand and was sieved with a 2 mm nominal 
sieve and used to fill inside the rectangular box. The thin sheet metal boxes were pulled out slowly in 
vertical direction by the overhead crane whilst tapping it gently with a rubber mullet to create thin 
vertical seams of red colour sand shown in Plate 26. 
At the completion of the required testing, sponge strips were placed on the top of the sand in 
the test box (Plate 28) and water was sprayed to lightly moisten the sand. This was done to ensure that 
during the removal of the sand, the thin red sand lenses were not smudged and that the deformed 
shapes of the red sand bands were clearly determined and visible. The results of the screw pullout 
testing in the sand and the resulted deformations are given in Chapter 7. 
4.4.3 Instrumentation, nail installation and surcharging 
During the sand pouring, two load cells were placed in the vertical positions near the bottom 
in the middle of the box in line with the soil nail. Two additional load cells were placed in the 
horizontal positions at mid-height of the box near the wall, also along the length of the soil nail. An 
extra load cell was placed between the top plate and the hydraulic jack to measure the surcharge 
pressures applied by the jack. A laser LVDT transducer was installed on top of the box to measure the 
top plate displacements during the application of vertical stress. The four load cells installed at bottom 
and side of the box were used to measure the stresses in soil during the pullout tests. The two strain 
gauges installed initially on the shaft of the screw soil nail for the testings in residual clay soil 
(discussed in section  4.2.3) were reused before checking to ensure it was in good working order and 
had not been damaged during the installation and pullout testings. 
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Instead of screwing the nail into the box, as discussed previously for the residual clay 
material, it was decided to insert and connect the screw nail inside the box prior to filling of the test 
box to the top. Plate 24 shows the stage at which the screw nail was installed and connected prior to 
the filling of the box and pullout testing. 
4.4.4 Pullout testing 
All the instrumentations including the actuator were connected to the data logger and data 
were recorded and displayed in real-time. The pullout rate was set at 1 mm/min for all the nail pullout 
tests. For the sand material, because it did not involve the application and sustaining of surcharge 
pressure for long durations, relatively higher surcharge pressures were applied by the hydraulic 
system. The nominal pressures applied in this case were 20 kPa for the first stage, 35 kPa for the 
second stage and a maximum of 75 kPa in the last stage. The results were collated and analysed and 
are discussed in Chapter 7. 
4.4.5 Laboratory soil tests 
The laboratory testings were a very important part of the current study. They were carried out 
at various stages of the laboratory nail pullout testing. For example, the compaction and density 
measurements were normally carried out at the beginning or prior to the pullout testing and situations 
where possible at the end of the testing. Other measurements such as the field moisture contents, 
grading and Atterberg limit testings were done at the early stages of material selection for the use in 
the laboratory testings. 
In this section, the author includes a brief summary of the various laboratory soil testings that 
were carried out to fully characterise the soils used in the research study. All the laboratory soil 
testings were carried out according to the relevant AS. In cases where the AS lacked the required 
information, other standards such as the ASTM, BSI and Hong Kong standards were consulted and 
used in the testings.  
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4.4.6 Soil sampling 
Soils were sampled initially for the visual inspection and assessment to decide the suitability 
of the materials for the testing purpose. Representative samples of the materials were then taken in the 
laboratory after the selection for initial compaction and moisture testings. Also, during and after the 
completion of the testings representative tube samples were taken to assess the strength, consolidation 
and density status of the compacted soil. Two U50 tube samples were taken during the compaction of 
clay soils approximately 250 mm from the top of the test box (Plate 8) and four U50 tubes samples 
were taken at the completion of the pullout testings near the top surface of the compacted clay 
material. Disturbed soil sample were collected throughout the testing for other testings such moisture, 
grading, atterburg, consolidation and direct shear tests. 
4.4.7 Compaction tests 
Standard proctor compaction of residual clay soil was carried using the AS1289.1.1. The 
standard compaction was carried out by preparation and curing at different moisture contents of at 
least four portions and compacting them in three equal layers in a standard 1 L mould. The plate 29 
shows the finished compaction of one portion of the prepared soil. Each layer is compacted by 25 
blows of a rammer falling freely from a height of 300 mm. In the case of the residual soil, five test 
specimens at different moisture contents were prepared and their densities were calculated. The 
densities versus their moisture contents (determined by oven-drying) were plotted for the 
determination of the Maximum Dry Density (MDD) and the Optimum Moisture Content (OMC) by 
drawing of a smooth curve of best fit through the resulting points. 
However, for the sand material, the minimum and maximum dry densities were determined 
only by loose pouring to obtain the minimum density and vibratory compaction to obtain the MDD 
(AS 1289.5.5.1). The loose pouring, shown in Plate 30, was carried out using a glass funnel and 
particular care was taken to ensure that the sand ‘rolled’ rather than dropping to result in minimum 
sand density. For the maximum test, a 5 kg surcharge was placed on the specimen in the 1 L mould 
and vibrated on a vibrating table (Plate 31) for the evaluation of the MDD. The results of the 
compaction and min-max tests are presented in Chapter 5. 
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The density is evaluated in all the cases from the following formula: 
ߩ ൌ ݉௦
௠ܸ
  4.4.1 
4.4.8 Atterberg limits 
The Atterberg limits tests are a suite of tests that measure the moisture content boundaries of 
the different states of soil and also to distinguish between the different types of silt and clay contents 
of fine grain soil. These tests include liquid limit, plastic limit shrinkage limit as briefly discussed 
below and the results of the three tests conducted on the residual clay soil is shown in Plate 32.  
Liquid limit (LL or wl) is defined as the limit of water content at which the soil transitions 
from a plastic state to become liquid. At this limit the soil show very small shear strength and it flows 
as a liquid. LL is determined by the use of a special apparatus called the Casgrande cup and either 1 
point or 4 points test can be performed depending on the types of soil.  
LL test was carried out on the residual clay soil passing the 425 micron sieve. The specimen 
was then moisture conditioned prior to testing the soil in the cup with a groove cut in the middle 
(Plate 33). The number of blows from the cup dropping was within 25±3 blow which was within the 
acceptable range of the standard AS 1889.3.1.2 requirement.  
Plastic limit (PL or wp), on the other hand, is the soil moisture content at which the soil starts 
to exhibit plastic behaviour and is in transition from a solid state. A thread of soil is said to be at its 
plastic limit when it can be rolled to a diameter of 3 mm and starts to crumble. The test procedures are 
set out in detail in AS 1289.3.2.1. 
Plasticity index is the range of water content within which the soil exhibits plastic properties. 
It is defined as the difference between the liquid and plastic limits: 
ܲܫ ൌ ݓ௟ െ ݓ௣  4.4.2 
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Linear shrinkage was determined according to the clause 1289.3.4.1 of the AS. The test was 
carried out on the material from the liquid limit test and it was placed in a small mould in the shape of 
semi-cylindrical trough of about 250 mm in length (Plate 32). The soil in the mould was initially air 
dried followed by oven drying for the determination of the linear shrinkage. 
4.4.9 Grading 
Particle size distribution, also known as grading, is a test used to determine the ranges of soil 
particle and to classify soils for engineering purposes. It is an important test that is routinely carried 
out in many engineering projects. Grading test was performed on the residual clay soil by soaking a 
representative amount of soil in a container and adding a solution of dispersive agent such as sodium 
hydroxide and sodium bicarbonate. The sample was washed through a 75 micron sieve after the soak 
and it was then dried in an oven before the process of dry sieving in sieve shaker apparatus. The 
results of the grading tests are presented in Chapter 5 and the full test procedures for the dry sieving 
and the apparatus needed are described in detail in AS 1289.3.6.1. 
4.4.10 Direct shear test 
Shear strength parameters of the residual clay and fine sands were determined in the 
laboratory by direct shear tests, shown in Plate 35. The apparatus consists of a split metal box, 
surcharge lever and an actuator as shown in Plate 36. Prior to the test, the dimensions of the box were 
carefully measured with a calliper and it was then filled or compacted with a known amount of soil 
and sheared in the horizontal plane at a rate of 0.5 mm/min for the sand and 0.025 mm/min for the 
residual clay soils, as determined from the consolidation test described below in Section  4.4.10. 
During the tests typical vertical or normal stresses of 50, 100, and 200 kPa were applied in stages. 
During shearing, shear force as well as the vertical and horizontal displacements were measured. The 
results of the direct shear tests are presented in Chapter 5. Full details of the test procedures for shear 
testing of the sand and clay materials are described in AS 1289.6.2.2.  
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4.4.11 Oedometer test 
Plates 37 and 38 show the oedometer test apparatus that was utilised to determine the 
consolidation properties of the residual clay soil. The test determines the magnitude and rate of 
volume change when the soil is confined and allowed to consolidate under different surcharge 
pressures. The test is useful in determining the compression and recompression indexes as well as the 
pre-consolidation pressure of soil. In addition the from the test data the coefficients of consolidation 
and secondary compression of soil can be determined.  
Consolidation tests were undertaken on the residual clay soil to evaluate the parameters 
needed for the direct shear and triaxial tests as well as providing some guidance on the pullout test of 
screw nail in the large box. 
Soil samples from the tube sampler discussed in Section  4.2.1 were extruded and after 
determining of the initial moisture it was placed in a consolidation rings. The samples were trimmed 
and filter papers together with saturated porous stones were placed on the top and bottom and the 
assembly was positioned in a water reservoir shown in Plate 38. Finally the reservoir was filled with 
distilled water to completely cover the soil and ring assembly. A seating pressure of 5 kPa was 
applied and the test was begun with incrementally increasing of the pressure and continuously taking 
readings. Final sample and moisture measurements were taken at the completion of the tests. The 
results of the consolidation tests are presented in Chapter 5 and the full description of the testing 
procedures are found in AS 1289.6.6.1. 
4.4.12 Triaxial test 
Triaxial test is a universally accepted method of measuring the mechanical properties of soils. 
In this test, the ground stress conditions are replicated more closely than any other testing available at 
our disposal. Contrary to what the name implies, only two orthogonal stresses are applied rather than 
three, as the name suggests. The triaxial testing is carried out in several variations, namely: 
1. Consolidated drained (CD) test: In this test the specimen is consolidated prior to shearing and 
during the shearing the sample and the pore-pressure are allowed to adjust to the confining 
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stresses. Hence, very low strain is applied for the pore-pressure dissipation and it may take a 
very long time, particularly for low permeability soils, to allow the sample to adjust. 
2. Consolidated undrained test (CU): In this test the sample is consolidated and it is not allowed 
to drain during shearing. With pore-pressure measurements, this test allows to approximate 
the CD strength parameters. 
3. Unconsolidated undrained test (UU): In this test the sample is not consolidated and no 
drainage is allowed during shearing. The load is applied relatively quickly. Therefore, it is a 
quick test designed to give short term or total soil strength parameters.   
A fully automated triaxial testing system from GDS was used to perform consolidated 
undrained test. The GDS system came with laboratory soil testing software, GDSLAB, which allowed 
appropriate test modules to be added to complete the test required. Some of the modules used in the 
consolidated-undrained tests in this research were: 
1. Data acquisition and logging 
2. Saturation and consolidations 
3. B-test 
4. Standard triaxial testing 
The GDSLAB Reports program was used to present the triaxial laboratory test. This program 
allowed reading the test data file and produced reports automatically. Although the program allowed 
automatic testing by the use of the above modules, the sample had to be prepared beforehand. The full 
details of the sample preparation and testing can be found in AS1289.6.4.1 and a brief summary of the 
specimen preparation and testing is given below. 
Specimen was prepared for the consolidated-undrained triaxial compression tests by trimming 
to the appropriate dimensions and making final measurements before mounting in the triaxial cell. 
Filter paper discs were placed at the ends of the specimen and filter paper strips were placed around 
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the perimeter of the specimen to facilitate end and radial drainage. Porous stones were boiled in water 
for approximately 10 minutes, allowed to cool in water, and then placed at each end of the specimen 
between the filter paper disc and acrylic endcaps. A latex rubber membrane was then placed around 
the specimen, sealed at the ends with O-rings, and the cell was filled with de-aired water. Once the 
cell was filled with water, the specimen was backpressure saturated until the measured pore pressure 
coefficient B was at least 0.95. This typically took 10 to 15 hours. After backpressure saturation was 
complete, the specimen was consolidated isotropically under pressure equal to the stresses in the 
pullout test box. Once the end of primary consolidation was reached, the specimen was allowed to rest 
overnight before shearing. After resting overnight, the specimen was sheared in undrained 
compression at a constant rate of deformation. The deformation rate was selected to ensure 
equalization of pore water pressures throughout the specimen at failure. The straining rate at which 
the axial force was applied to the specimen was sufficiently slow to allow pore pressure to equalise 
within the sample at the time of failure. During the shearing stage all the transducers data were read 
using the data acquisition system and recorded on a computer. At the end of the test, the cell was 
disassembled and moisture contents were determined at the top, middle, and bottom of the specimen. 
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5 Material Characteristics 
 
5.1 Introduction  
In the previous chapter the description of the testing methods and the approach used in the 
laboratory testing of soils for the purpose of characterising their properties were presented. In this 
chapter, the results of the various laboratory tests are presented and discussed separately. The test 
results are summarised and discussed in the following sections, and all the full test reports are 
attached in Appendix B.  
5.2 Moisture 
The initial moisture content of the residual soil upon delivery to the RMIT’s testing 
laboratory was about 11 % by weight and the various tests were carried at the optimum moisture 
content or slightly on the dry side to reduce the impact of pore water pressure during the screw soil 
nail testing. The field moisture content of the fine sand was estimated around 12-16 % and for the 
preparation of sand for the tests a moisture content of 0.7 % was achieved upon air drying. 
5.3 Grading 
The grading envelops for the residual clay and fine sand soils are shown in Appendix B.  
The residual clay soil had 72 % of its weight passing the 75 sieve. The retained mass (28 %) 
varied in size and had a maximum nominal size of about 3 mm in diameter.  
Fine sand did not contain any fines. The maximum grain size was up to 2mm nominal in 
diameter. The two parameters describing the grading of the sand are the coefficients of curvature (Cc) 
and uniformity (Cu). The values obtained from the Equations  5.3.1 and  5.3.2. 
ܥ௖ ൌ ܦଷ଴
ଶ
ܦଵ଴ ൈ ܦ଺଴ ൌ
0.25ଶ
0.17 ൈ 0.37 ൌ 1.0  5.3.1
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ܥ௨ ൌ ܦ଺଴ܦଵ଴ ൌ
0.37
0.17 ൌ 2.2  5.3.2
For well graded sand, the coefficient of curvature is between 1 and 3, indicating that the fine 
sand material used in this research is well graded material. However, the uniformity coefficient value 
of 2.2 indicates that the material is poorly graded. Its value should be more than 6 for well graded 
sand. 
5.4 Compaction 
Standard proctor compaction test performed on the residual clay soil produced a maximum 
dry density of 1.83 t/m3 (16.7kN/m3) and the optimum moisture content of 15.5 %. The specific 
gravity of the soil was estimated to be 2.80 from the compaction curve based on shifting the ‘zero’ 
void line at approximately 2 % on the wet side of the compaction curve (Appendix B). 
The maximum-minimum density tests were performed for the sand material gave the 
minimum and maximum density values of 1.54 t/m3 (14.0kNm-3) and 1.85 t/m3 (16.8kNm-3), 
respectively. 
5.5 Atterberg test 
A suite of tests including liquid limit (LL), plastic limit (PL) and linear shrinkage (LS) tests 
were performed on the residual clay soil. The values determined were 31 % for LL, 16 % for PL and 
6.25 % for LS. The calculated plasticity index (PI) value was 15 %, which indicated the soil to be low 
plasticity clay and assigned a classification of CL. 
5.6 Consolidation test  
One dimensional consolidation tests were carried out on the residual clay soil at the various 
overburden pressures ranging from 3 kPa to 200 kPa. The soil void ratio varied between 0.68 and 0.61 
at the lowest and highest pressures. The coefficients cv and mv varied between 0.68 to 0.61 and 0.1 to 
0.61, respectively. The initial moisture and dry density were 12.8 % and 1.66 t/m3 (15.1 kNm-3) and 
the final moisture content was about 18 %. The initial degree of saturation, S, was about 52% based 
on the estimated Gs value of 2.8 calculated from the proctor compaction tests in Section  5.4. 
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5.7 Direct shear test 
Direct shear tests were carried out on both of the residual clay and fine sand soils under 
normal confining pressures of 25 kPa, 50 kPa and 100 kPa. The plots of the shearing stresses and 
strains are given in Appendix B. The show that for the clay, with an initial void ratio of 0.49 and dry 
density of 1.740 t/m3, the shear strength parameters are cohesion of 68 kPa and friction angle =23 
degrees. 
Determination of the shear strength of the fine sand material resulted in the cohesion value of 
zero and the  = 36.6. The tests were performed in the loose and dense states with the initial void 
ratios e0 of 0.53 and 0.39, respectively, and corresponding dry densities were 1.60 t/m3 (14.6 kNm-3) 
for the loose state and 1.76 t/m3 (16.0 kNm-3) for the dense state.  
5.8 Triaxial test 
Multistage triaxial compression test was performed on U-tube sample collected from the large 
pullout box in consolidated-undrained conditions with pore pressure measurement. The various 
parameters are given in Appendix B and some of the selected parameters are discussed in the 
following paragraphs. 
The first stage was done at cell pressure of 125 kPa. The second and last stages were set at 
cell pressures of 150 kPa and 200 kPa while the back pressure was kept constant at 100 kPa. The 
sample was failed at the strain rate of 0.01 mm/min and a saturation of 97 % was reached prior to start 
of shearing. The initial dry density of soil was 1.78 t/m3 or 16.2 kN/m-3 and the moisture content was 
at 16.2 %. The peak deviator stresses were 43, 128 and 362 kPa corresponding to the strains of 2.7, 
4.5 and 8.5 %, respectively. 
The shear strength parameters cohesion (c) and friction angle () obtained were 2.1 kPa and 
32, respectively. The pocket penetrometer and shear vane values obtained prior to the test were 320 
kPa and 57 kPa.  
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5.9 Shear vane and penetrometer tests 
Shear vane and pocket penetrometer tests were taken in each layers of the residual soil 
compacted in the pullout test box. They were performed at various locations across the width and 
length of the box. Table  5.9.1 shows the average results of the tests. The relationship between the 
ultimate shear strength of soil and the shear vane values are as follows: 
ݍ௨ ൌ ܥ௨2   5.9.1 
Based on the vane shear test, the soil compacted in the large pullout box did not exhibit any 
residual strength after the reaching the peak torque value. This is indicated by the values in 
parenthesis. 
It must be noted that the relationship given by equation  5.9.1 applies in general and it is 
accepted formula for wide range of soil. However, this relationship doesn’t seem to hold and the ratio 
ranges about 5 to 6. 
Nevertheless, the results of the vane shear test and pocket penetrometer show that the soil 
consistency was very stiff and that the density of the compacted soil was fairly uniform. 
Table  5.9.1: Shear Vane and Pocket Penetrometer tests 
Test Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7 Layer 8 Layer 9 
Vane, 
Cu 
(kPa) 
62(0) 54(0) 56(0) 54(0) 52(0) 66(0) 64(0) 53(0) 55(0) 
PP, qu 
(kPa) 
320 320 293 287 310 420 290 375 335 
Note: number in parenthesis is residual strength. 
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6 RESULTS OF PULLOUT TEST IN COHESIVE SOIL 
 
6.1 Introduction  
The ultimate shear strength at the interface between the soil nail and surrounding soil is of 
practical importance in the design and performance of a soil nail system. The most commonly adopted 
method of measuring this interface shear strength is by a soil nail pullout testing. In this chapter the 
results of pullout tests conducted on the screw nail and its performance comparison with a 
conventional grouted soil nail are presented and discussed. Both types of soil nails were tested in a 
controlled laboratory setting using residual soil in the large purpose made pullout box.  
Pullout test is routinely carried out to gauge the performance of soil nails. Several authors 
(Schlosser, 1982; Heymann et al., 1992; Junaideen, 200 and Pradhan, 2006) who have carried pullout 
out tests on grouted nails embedded in various soils have concluded that the pullout resistance 
increases with overburden pressures and that the interface parameters obtained from the pullout tests 
are close to the soil strength parameters determined by the direct shear tests. The relationship between 
the pullout resistance and overburden pressure is attributed to dilatancy characteristic of some soils, 
but for loose and clay soils the dilatancy effect could be considered negligible. It should be noted that 
an important consequence of the dilation property of soil is that they show peak strength followed by 
a reduction in strength as the critical state approaches. In the case of the residual soil, this residual or 
reduction in strength was not observed.  
The testing procedures were fully described in Chapters 4.The box was firmly fixed on the 
test frame adjacent to the hydraulic actuator. Residual silurian soil was moisture conditioned in a large 
enclosed mixer and let for moisture to stabilise before compacting. The compaction was carried out in 
50 mm lifts at 95 % maximum dry density at around 3% dry of the optimum moisture content. The 
main reason for compacting the soil on the dry side of the optimum moisture content was to reduce 
the effect of pore water pressure as much as practical. The densification process of the soil was 
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carefully carried out by weighing the soil and compacting to horizontal line markings inside the box. 
Furthermore, consistency was measured with shear vane and pocket penetrometer (Chapter 5) at six 
random locations on each compacted soil layer. During the compaction, two load cells were placed in 
the vertical position near the bottom in the centre of the box and two additional load cells were placed 
in the horizontal position in the middle of the box along the wall. Fine sand were placed around the 
load cells to encapsulate them and to prevent them from any damage during the compaction process. 
An additional load cell was placed between the top plate and the jack accurately to measure and 
control the surcharge loading. 
A laser LVDT transducer was placed on top of the box to measure the top plate displacements 
during the application of stress and testing. Two strain gauges were installed in the middle of the on 
the shaft of the screw soil nail.  
At the completion of the compaction process pressure readings were taken to establish the 
initial state of the pressure in the box without the application of the surcharge pressures. Also, 
following the application of the first surcharge, the box was left 24h so that the stresses and strains 
reach equilibrium. 
Relatively low surcharge pressures were chosen due to concerns about the hydraulic jack 
overheating because of the requirement that the pressures on the top plate needed to be maintained for 
long duration. Therefore manageable surcharge pressures of about 5, 10 and 25 kPa nominal were 
applied by the automatic hydraulic jack system for about 24 hours for each stage of the pullout tests.  
The screw nail was inserted into the box manually by a pair of Stilsons. The penetration of the 
nail required minimal effort and the travel distance was same as the pitch distance per rotation. At the 
completion of the screw nail tests, the screw nail was pulled out of the test box and the hole created by 
the screw nail was filled with grout for the next stage of testing. The grout was injected with the aid of 
a tremie pipe into the box hole created by the screw nail and it was allowed to set for about one week. 
The grout mix consisted of 10 mm nominal gravel, river sand and a water-cement ratio of 
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approximately 0.45. A 22 mm reinforcement bar was inserted in the centre of the grout and was 
connected to the actuator rig for pulling tests.  
Both the screw nail and the grouted nail were pulled in multistage at slowly at a rate of 1 
mm/min. The rate was set at 1 mm/min for all the nail pullout tests.  
In the calculations of the pullout resistance of the screw and grout nails, the surcharge 
pressures attained from the load cell measurements presented in section  6.6 were used. 
6.2 Load-displacement behaviour  
6.2.1 Screw nail 
Results of the screw nail pullout force against the nail displacement for the three surcharge 
pressures are plotted as shown in Figure  6.2.1. The measured and theoretical surcharge pressures 
together with the peak pullout loads as well as the associated pullout displacements are shown in 
Table  6.2.1. The peak shear resistance, confining or vertical stresses and the friction coefficient values 
shown in Table  6.2.1 were calculated from the Equations 2.9.2 to 2.9.9 given in Chapter 2, Section 
2.9.2 of this thesis. The vertical stress (σz) was calculated as the sum of the soil overburden pressure 
and the surcharge pressure. 
 
Figure  6.2.1: Pullout load-displacement curves for screw nail. 
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The distinguishable features of the load-displacement curve are the linear or recoverable 
displacements of 3-4 mm and the gradual increase in the peak force. The peak load occurred at the 
approximate displacement of 49 mm for all the three overburden pressures. The residual value is not 
seen up to the maximum pullout displacement. 
Table  6.2.1: Summary of pullout test results for screw nail. 
 Test stage 
1 2 3 
Theoretical Pressure (kPa) 5 10 25 
Measured Pressure (kPa) 5.0 14.0 28.0
Peak Load (kN) 13.7 16.1 19.4
Displacement (mm) 49.2 49.2 49.9
Length (m) 0.60 0.60 0.60
max (kPa) 48.5 56.9 68.6
z (kPa) 16.3 20.0 33.3
 (-) 4.94 3.50 2.60
 
6.2.2 Grouted nail 
Results of the grout nail pullout resistance against its displacement for the three surcharge 
pressures are plotted and shown in Figure  6.2.2. As it can be observed, the peak pullout capacities for 
the three surcharge pressures are fairly similar and that the peak load resistance resembles an undrain 
test. The numerical values of the various parameters are given in Table  6.2.2 and the comparison of 
the results between the screw and grout nails are given in the next section. 
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Figure  6.2.2: Pullout load-displacement curves for grout nail. 
A possible reason for this uniformity of the pullout results for the grout nail could be that 
during the casting of the grout some of the water in the grout is absorbed into the surrounding soil and 
thus resulting in a reduction in the shear resistance. This effect of the water on the performance of the 
soil nail has been reported in the literature and discussed in Chapter 2 of this thesis.  
The load-displacement curves indicate that the for the grout nail the curve has a slight 
curvature in the initial linear part of the curves. The best linear curve fitting for this linear part give a 
displacement of approximately 5-9 mm before reaching the peak force. The peak load is maintained 
by the grout nail up to a displacement of about 35 mm before dropping slightly at this displacement. 
This behaviour can be explained by the undrain soil behaviour. 
 
Table  6.2.2: Summary of pullout test results for grout nail. 
  Test stage
1 2 3 
Theoretical Pressure (kPa) 5 10 25 
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  Test stage
1 2 3 
Measured Pressure (kPa) 7.0 10.7 24.0
Peak Load (kN) 29.6 27.6 28.4
Displacement (mm) 34.2 28.1 47.6
Length (m) 1.29 1.24 1.19
max (kPa) 45.1 42.0 43.3
z (kPa) 14.3 23.3 37.3
 (-) 4.03 3.01 1.83
 
6.3 Comparison of screw and grout nails 
A comparison of the calculated peak shear resistance, peak pullout resistance and the apparent 
coefficient of friction are given in Figure  6.3.1, Figure  6.3.2 and Figure  6.3.3. The results were 
calculated from the nail pullout tests given in Section  6.2 by using the equations given in Chapter 2 of 
this thesis and the results of the direct shear tests given in Chapter 5 were used for the comparison of 
results in Figure  6.3.2. 
Comparisons of the load-displacement curves indicate that the for the grout nail the curve has 
a slight curvature in the initial linear part of the curves, whereas for the screw nail this initial sections 
of the curves are perfectly linear elastic that indicate displacements are recoverable upon the release 
of the load. The behaviour of the grout nail can be defined as undrained and for the screw nail the 
drained behaviour can be assigned. These types of behaviours can also be observed from the results of 
the pullout tests shown and described in the following paragraphs.  
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As seen from the pullout test results in previous section, the interesting and unexpected result 
for the grout nail is that the peak pullout loads were independent of the normal surcharge pressures 
and the maximum interface shear stress mobilised varied little (27.6 to 29.6 kN). For this reason, the 
curve gives a low friction angle of 7.6 and cohesion of 42.1 kPa, as shown in Figure  6.3.1. However, 
for the screw nail, the mobilised peak shear resistance seem to be dependent on the overburden stress, 
where the cohesion and friction angle obtained from the tests (Figure  6.3.1) were 36.2 kPa and 41.1, 
respectively. Hence, from the comparison of the cohesion and friction angle results for the two nails 
indicate that the screw nail’s has better performance in terms of the shear strength parameters. 
Further, the results of the tests for both the screw and grout nails appear to follow the Mohr-Coulomb 
failure criterions, as described by the shear strength parameters.  
As explained earlier that the increase in moisture content at the nail-soil interface may be a 
reason for this undrain behaviour of the grout nail, another likely reason for the narrow margins of the 
peak pullout values for the three surcharge pressures may be attributed to the development of the 
shear zone and the slip plane at or close to the soil-nail interface. As a result, the same maximum 
shear force was mobilised because the shear zone remain the same thickness and that the shearing 
resistance did not extend beyond the soil nail interface, but rather the pull out capacity of the nail 
reached a limiting value.   
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Figure  6.3.1: Comparison of peak shear resistance for grouted and screw nails. 
The comparisons of the parameters given in Figure  6.3.2 to that of the direct shear test results 
indicate that the results of the pullout resistance higher than the shear box test result. This could be 
due to the differences in the development of the shear and slippage zone in the soil and around nail. 
For shear plane is planar for the shear box test and that for the screw nail the shear planes develop 
some distance away from the interface.  
The ratio of the peak shear stress for screw nail to the direct shear box varied between 0.53 
and 1.18 and for the ratio of grout nail to direct shear box was between 0.49 and 0.62. This indicates 
that the direct shear test better represents the pullout resistance of the grout nail than the screw nail. 
This result has been shown for the grout nail by several researchers and has been fully discussed in 
literature review chapter of this thesis. 
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Figure  6.3.2: Comparison of: (1) shear resistance () against normal stress (σ) for screw and grout 
nails, direct shear test, and (2) their shear resistance ratios. 
The development of the shear zone and the screw-soil interaction can be inferred from the 
peak pullout capacity and the general shape of the grout nail after it was withdrawn from the box, 
illustrated in Figure  6.3.4. Its general shape is similar to that of the screw nail, except, upon closer 
examination it shows the diameter of the nail is larger than the screw nail and it seems that the screw 
nail expanded radially during the pullout test. A reasonable conclusion one can draw is that this radial 
expansion is effectively the zone of plastic deformation where the soil is completely remoulded. Of 
course, the area extending beyond this plastic zone lays the area elastic deformation.  
In addition, the comparison of the pullout performance for the screw nail when compared to 
grout nail show that the pullout capacity of the screw nail is higher because the screw nail enhances 
the soil around the tip helix and therefore the actual shear zones shift deeper into the surrounding soil 
resulting in better soil-nail interaction.  
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Apparent coefficient of friction is a useful parameter for correlating between pullout 
resistance and overburden soil pressure. A plot of the apparent coefficient of friction  calculated 
from pullout tests is shown in Figure  6.3.3. The analysis of the apparent coefficient of friction results 
indicate that the values of the friction  are not constant but rather decrease with the overburden 
pressure and theoretically they approach tan () as surcharge pressures increase.  In the design of soil 
nail, the value of the soil-nail friction that controls the factor of safety of nail in slippage mechanism 
compare better. Therefore, from an efficiency point of view, the high adherence of the screw nail 
make it better suitable for use particularly in areas susceptible to earthquake excitation or where large 
failure displacements occur. 
 
Figure  6.3.3: Comparison of peak pullout resistance and apparent friction coefficient with overburden 
pressure. 
App.adhesion, 
a=15.4 kPa 
App.adhesion, 
a=17.9 kPa 
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Figure  6.3.4: Exposed surface of grout nail. 
 
6.4 Soil stress measurements  
Soil stresses were measured with four load cells placed at the vertical (loadcells 1 & 2) and 
horizontal (loadcells 3 & 4) positions, described in Chapter 4, and were placed around the two helices. 
The results of the stresses by the load cells were measured for about two weeks prior to and during 
pullout testings and the results of which are presented in subsequent sections. For convenience all the 
results were plotted on the same axis and shifted to the right. 
6.4.1 Screw Nail 
6.4.1.1 Initial preload application 
Stress measurements after the completion of the experimental set up and prior to the 
application of surcharge load are shown in Figure  6.4.1. The vertical and horizontal stress changes 
measured by the transducers installed show to some degree the change in the normal stress at the soil-
nail interface.  
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Figure  6.4.1: Initial preload soil stress measurements. 
The average initial stress measurements -34 kPa, -30 kPa, -1 kPa and 1kPa for loadcells 1, 2, 
3 and 4 respectively. The minus sign indicate compressive force. The plots of the loadcells data show 
that there seem to be some background noise and that the loadcells were highly sensitive to small 
movements and noise in the laboratory. Nevertheless, the average calculated results may be 
considered as good indicative status of the soil stresses inside the box. 
6.4.1.2 During pullout 
Results of all the four loadcells for the duration of the pullout tests are plotted in Figure  6.4.2. 
All of the loadcells are initially in compression and move in parallel except the loadcell 4, which is in 
tension only for the 10 and 25 kPa surcharge pressures. The reason for this is that at the start of the 
first stage of the pullout test, the loadcell is approximately perpendicular to the tip helix and it is in 
compression. As the testing stage progresses, the loadcell move to the rear of the tip helix and it 
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becomes in tension as the screw nail is pulled out. This result indicates that the tapered tip helix also 
contribute to the total pullout resistance of the soil nail. 
 
Figure  6.4.2: Comparison of the loadcells results for screw nail. 
Loadcells 1 and 2, which are located below the screw nail register similar values and the 
stress increases are nearly identical for the first two stages of the pullout tests. The minimum stress 
change registered by the loadcells during the tests was about 10 kPa nominal and the maximum of 
about 30 kPa. These stress changes measures by the loadcells indicate that both helices create 
compression zone well beyond the soil-nail interface and the magnitude of the stress change is an 
indicator of the efficiency of the interaction mechanism at transmitting shear stresses. 
A very interesting feature of the stress measurements by the loadcells is that at certain nail 
displacements there is a sudden change in stress measurements during the application of pullout force. 
As indicated in the figure, this feature is only noticed for the 10 and 25 kPa surcharge pressures. For 
the 10 kPa surcharge the first increase in the compression is at the displacement of 15.3 mm and the 
changes in stress are 1.2 kPa increase in compression (loadcells 1 to 3), and 3.3 kPa reduction in 
tension (loadcell 4). The second increase is at displacement of 38 mm with the increase in stress are 
about 1.26 kPa increase in compression (loadcells 1 to 3), and 2.6 kPa reduction in tension (loadcell 
4). Also, for the 25 kPa surcharge the stress change is only noted at the displacement of 31.5 mm. A 
summary of the parameters correlating to this features are given in Table  6.4.1. 
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Table  6.4.1: Results of all parameters at the location of the sudden loadcell pressure change 
for screw nail. 
 10 kPa Surcharge 
(screw nail) 
10 kPa Surcharge 
(screw nail) 
25 kPa Surcharge 
(screw nail) 
value change value change value change 
Pullout Load (kN) 16.7 0 18.9 0 15.7 0.046 
Pullout Displacement (mm) 15.3 0 38 0 31.5 0 
Plate Pressure (kPa) 14.0 -0.085 14.2 -0.088 28.8 -0.12 
Plate Settlement (mm) 27.1 0.053 27.1 0.029 28.9 0.054 
Strain Gauge 1 () 70 -4.9 122 -5.1 99 -2 
Strain Gauge 2 () 96 -4.9 80 -5.0 162 -2 
Loadcell 1 (kPa) -48.5 -1.2 -55.5 -1.26 -59.5 -1.4 
Loadcell 2 (kPa) -49.1 -1.4 -58.7 -1.2 -70.5 -1.4 
Loadcell 3 (kPa) -28.7 -1.2 -40.6 -1.24 -47.9 -1.7 
Loadcell 4 (kPa) -1.8 -3.3 6.4 -2.6 13.6 -3.0 
For loadcells: -ve (compression), +ve (tension). 
6.4.2 Grouted Nail 
Plots of the stress measured by the loadcells for the grout nail are shown in Figure  6.4.3. A 
comparison of the result with the screw nail indicates that the stress changes during the pullout test are 
relatively lower and the lines are comparatively flatter. Further, quite opposite to the screw nail, the 
sudden change in the stress values is only noted for the 25 kPa surcharge pressure. Curiously the 
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magnitude of this stress change is reversed. In other words, at the instant of the stress change, the 
loadcells that are in compression expand due to tension force and lose some of compression. Rather, 
the reverse occurred for the screw nail where the loadcells that are in compression, increased even 
more at the location of the sudden stress change.  
Table  6.4.2 below gives the result of all the measured parameters coinciding with the sudden 
changes in the stress measurements during the pullout tests. For the pullout load and displacement 
measurements, the instruments did not register any sudden change and the readings were continuous, 
except for the higher 25 kPa surcharge pressures, where they registered small increase in the pullout 
load for the screw nail and a decrease for the pullout load for the grout nail. Obviously, the reduction 
in the grout nail for the grout nail is followed by and sudden increase in the pullout displacement. 
The average plate pressure change was measured about 0.1 kPa reduction for the screw nail 
and 0.1 kPa increase for the grout nail. 
 
Figure  6.4.3: Comparison of the loadcells results for grouted nail. 
Table  6.4.2: Results of all parameters at the location of the sudden loadcell pressure change 
for grout nail. 
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 25 kPa Surcharge 
(grout nail) 
 value change 
Pullout Load (kN) 27.8 -0.035 
Pullout Displacement (mm) 26.4 0.049 
Plate Pressure (kPa) 23.9 0.1 
Plate Settlement (mm) 29.1 -0.035 
Strain Gauge 1 () - - 
Strain Gauge 2 () - - 
Loadcell 1 (kPa) -56.5 +1.6 
Loadcell 2 (kPa) -69.8 +1.2 
Loadcell 3 (kPa) -99.6 +1.4 
Loadcell 4 (kPa) 9.3 +3.1 
For loadcells: -ve (compression), +ve (tension). 
6.5 Screw nail strain measurements  
Strain plots shown in Figure  6.5.1 are the results of the measurements from the two strain 
gauges installed on the shaft of the screw nail. The results shown are the axial strains, the calculated 
stresses and the bending moments in the nail for the various surcharge pressures. The shaded regions 
highlighted are the variation in the strain measurements by the two stain gauges for all the three stages 
of the pullout testings.  
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Figure  6.5.1: Results of strain gauge measurements for screw nail. 
The main observation that can be made from the strain gauge results is that as the pullout 
force increases the axial strain also increases resulting in axial stress as well as additional bending. 
The shapes of the curves resemble the trend lines of the pullout testings given in section  6.2.1.  
Furthermore, as the strains increase, the shaded areas between the two gauges also widen indicating 
that bending forces are induced and increase as higher surcharge pressures are imposed during the 
pullout tests. In the light of the discussions presented in Chapter 2 of this thesis on the role and effects 
of bending on the performance of soil nail, this study partially shows the relationship between the nail 
pullout force, the surcharge pressures and bending forces.  
From the plots, the strains difference representing the bending at the end of each test are 
40, 60 and 80 corresponding to the overburden pressures of 5 kPa, 10 kPa and 25 kPa, 
respectively. Hence it can be concluded from the actual readings of the strain figures that the bending 
stress increases slightly as the surcharge pressures is increased and the general trend with respect to 
the pullout force is similar to its pullout resistance performance. 
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6.6 Plate stress and settlement measurements  
The variation of applied plate stress and its vertical movement are shown in Figure  6.6.1 and 
Figure  6.6.2 for the screw nail, respectively. For the grout nail, the results are shown in Figure  6.6.3 
and Figure  6.6.4. 
 
Figure  6.6.1: Variation of applied plate pressure during the pullout test for screw nail. 
The results of the applied plate pressure for the screw nail show that the applied stress 
remains stable and no noticeable change in stress measurement was noted for all the three surcharge 
pressures. However, the initial jump in the pressure measurement observed for the 10 kPa surcharge 
was due to the self-adjustment of the hydraulic pressure jack and was not caused by the screw nail 
exerting radial pressure. As can be noted, higher pressures were attained than the adopted surcharge 
pressures of 10 kPa and 25 kPa.  
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Figure  6.6.2: Variation of plate movement during the pullout test for screw nail. 
Furthermore, as shown in Figure  6.6.2 noticeable vertical plate movements were measured 
during the pullout tests. For the 5 kPa stress no movement occurred, but for the 10 kPa and 25 kPa 
surcharge pressures a total movement of about 0.2 mm occurred during the testing. 
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Figure  6.6.3: Variation of applied plate pressure during the pullout test for grout nail. 
Interestingly, the largest changes in stress measurement occurred in the grout nail testing for 
the surcharge pressure of 5 kPa. From the Figure  6.6.3 this stress change was about 2.1 kPa and it is 
significant load considering the large plate area whose dimension were about 1400966 mm. For the 
other two surcharge pressure, a relative pressure change of about 0.7 kPa. 
Also, considering the plate displacement results in Figure  6.6.4 the vertical plate movement is 
interestingly very unusual. For instance, the plate movement for the 5 kPa surcharge is in the opposite 
direction of compression with a relative compression movement of 0.2 mm. No relative net plate 
movement was measured for the 10 kPa pressure and for the 25 kPa the net settlement was 0.4 mm.   
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Figure  6.6.4: Variation of plate movement during the pullout test for grout nail. 
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7 RESULTS OF PULLOUT TEST IN COHESIONLESS SOIL 
 
7.1 Introduction 
In previous chapter the results of the pullout tests conducted in residual clay soil were 
presented and discussed. In this chapter the experimental results of a series of laboratory pullout tests 
on the screw soil nail are presented. The results and its performance with other conventional types of 
soil nails are also compared and discussed. Further, the present investigation also examines the 
fundamental interface mechanism and attempts to define the associated rupture zones in cohesionless 
material with the aid of thin vertical bands of coloured sand cast in the large distinctly fabricated 
pullout box discussed in Chapter 1. The results of the testings indicate that the slip mechanism, which 
controls the pullout behaviour, is rather different to the conventional soil nails and the resultant 
pullout capacity is higher when compared to this type soil nails. This effect is attributed to the 
geometry of the screw nail and the installation processes that result in the development of different 
soil stresses around the soil nail. In addition, the experimental pullout results demonstrate, contrary to 
the conventional soil nail, that the screw nail pullout capacity is dependent on the overburden pressure 
and that the failure planes extends out a certain radial distance from the soil-nail interface.  From the 
test results, it is shown that the failure of the screw nail satisfies the Mohr-Coulomb failure condition, 
which is similar behaviour seen in the conventional soil nail tests.  
In order to carry out the tests, the box was firmly fixed on the test frame adjacent to the 
hydraulic actuator and the screw nail was placed inside the box and connected to the actuator. Fine 
sand that can be described as poorly graded was air dried for several weeks and poured into the box 
from a small height allowing the sand to roll so the sand density remains consistent and the minimum 
density value was achieved. During the sand pouring, two load cells were placed in the vertical 
positions near the bottom in the middle of the box in line with the soil nail. Two additional load cells 
were placed in the horizontal positions at mid-height of the box near the wall, also along the length of 
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the soil nail. An extra load cell was placed between the top plate and the hydraulic jack to measure the 
surcharge pressures applied by the jack.  
In order to visually inspect the shear mechanism around the screw nail after the completion of 
the test, eleven thin rectangular boxes were made from sheet metal and inserted in the box at even 
spacing. The sizes of the rectangular sections were 10 mm thick by 450 wide and were made 1 m long 
to fit the box. Red colour fine sand was sieved and used to fill inside the rectangular box. The box was 
pulled out slowly in vertical direction by a crane whilst tapping it gently with a rubber mullet to create 
thin vertical seams of red colour sand. 
A laser LVDT transducer was installed on top of the box to measure the top plate 
displacements during the application of vertical stress and testing. The four load cells installed at 
bottom and side of the box were used to measure the stresses in soil during the pullout tests. Two 
strain gauges were installed on the shaft of the screw soil nail. All the instrumentations including the 
actuator were connected to a DT80 data logger and data were recorded and displayed in real-time. The 
pullout rate was set at 2 mm/min for all the nail pullout tests. The three surcharge pressures applied by 
the top plate were about 20 kPa, 35 kPa and a maximum of 75 kPa.  
7.2 Results of pullout tests   
Pullout resistance is most important parameter in the design of soil nails and there are many 
factors that are known to influence this. Some of the factors that are believed to contribute to the 
pullout resistance are construction method, overburden stress, grout pressure, nail surface roughness 
and soil strength. The key to understanding the problem of soil nailing is the development of soil nail 
interface resistance. Several researchers (Cartier and Gigan (1983), Milligan and Tei (1998), 
Junaideen (2001), Pradhan (2003), Su et al (2008), Wu and Zhang (2009) and Hong et al (2013)) have 
investigated this phenomenon by using soil nails. 
For each of the three surcharge pressures, the load was applied and maintained by the 
hydraulic jack system for about 15 minutes till the settlement plateaued or ceased all together. The 
nail was then pulled out by the automatic actuator very slowly at a rate of 2 mm/min. The results of 
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the pullout force versus the screw nail displacement are shown in Figure  7.2.1. It can be seen from the 
graph that the peak pullout load reached for the three surcharge pressures of 20 kPa, 35 kPa and 75 
kPa are 16 kN, 19 kN and 24 kN, respectively. The corresponding soil nail displacements are 16 mm, 
18 mm and 24 mm. Curves for the pullout forces increase approximately linearly over the first 3-5 
mm of nail displacements and they continue to increase at until their peaks at around 16 to 23 mm. 
The linear recoverable displacements typically range between 2-3mm and the forces between 9 kN 
and 15 kN.  
The residual value or the gradual decrease in the pullout force is not pronounced. This feature 
is unlike the conventional grouted nail (section  7.3) where the curves have an accentuated peak values 
followed by a sharp reduction resulting in the residual value. This may be interpreted to be due to the 
high adherence of the nail and soil, and resulting in much optimal development of the shear 
mechanism.  
 
Figure  7.2.1: Plots of load-displacement in fine sand. 
A summary of the peak pullout force and other calculated parameters are presented in 
Table  7.2.1. The apparent coefficients of friction,  and  were calculated using the equations given in 
Chapter 2. In the calculation of the shear resistance of the screw nail, the length was taken between 
153 
 
the two helices and the contribution of the shaft was ignored. Hence this approach of ignoring the 
shaft capacity is conservative. 
Table  7.2.1: A summary of the pullout test results 
Test Nail length 
݈ * 
(mm) 
Diameter 	
ܦ 
(mm) 
Surcharge 
v 
(kN/m2) 
Peak force 
Fp 
(kN) 
 
(degrees) 
ps 
(degrees) 
݂ 
(-) 
ݑ 
(-) 
1 600 150 19 15.9 2.5 40 3.05 4.04 
2 600 150 34 18.6 2.5 40 2.30 3.05 
3 600 150 75 23.8 2.5 40 1.49 1.98 
Note: * = the nail length is taken as the distance between the two helices, rather than the total 
length of the screw nail with the shaft.  
7.3 Comparison of results with others 
A comparison of the apparent coefficient of friction between the soil and nail with the results 
of published data is shown in Figure  7.3.1. The comparison of the test results by Yin and Zhou 
(2009), Hong et al (2013) and current investigation clearly shows that the screw nail performs 
comparable to the grouted nail with the grout pressure of at least 130kPa.  
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Figure  7.3.1: Comparison of apparent coefficient of friction against overburden pressure at different 
grouting pressures. 
Apparent coefficient of friction is the ratio of peak pullout resistance to the overburden soil 
pressure. However, this relationship between the peak resistance and the overburden stress is less 
clear and the factor itself is known to be dependent on many other factors. Yin and Zhou (2009) 
carried out laboratory pullout tests on grouted nail embedded in residual granitic soil compacted in a 
large box in thin layers. The tests were done in saturated soil conditions by changing the overburden 
and grouting pressures. The results of the laboratory tests indicated that the pullout resistance 
depended on the grouting pressure and that changing the overburden pressure had no influence on the 
resistance. Hong et al (2013) performed laboratory pullout tests and field test on soil nails drilled into 
natural slope at 2 m and 6 m depths corresponding to 43 kPa and 129 kPa overburden pressures. The 
comparative field and laboratory tests showed that the apparent coefficient of friction increased 
linearly with increasing grout pressure and that as a result, due to the extended penetration of the 
grout into the surrounding soil, the actual failure surface is extended outward that resulted in higher 
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pullout capacity. Hong et al (2013) and Yin and Zhou (2009) attributed this increase of the apparent 
coefficient of friction to pressure grouting process disturbing the normal stress at the soil-nail surface 
resulting in stress re-distribution surrounding the soil nail.  
A plot of the apparent coefficient of friction  calculated from the pullout tests on a range of 
material and contact surfaces is shown in Figure  7.3.2. As it can be seen, it compares very well with 
the published data. However, in the analysis of the apparent coefficient of friction, the value of the 
friction  is not constant but rather decrease with the overburden pressure and theoretically it 
approaches tan() as surcharge pressure increases.  
 
Figure  7.3.2: Comparison of apparent coefficient of friction from the results of pullout and direct 
shear tests. 
The Figure  7.3.3 and Figure  7.3.4 compare the present pullout test results with those obtained 
by other researchers. Pradhan et al (2006) carried out tests on grouted nail installed in fill material 
comprising completely decomposed granite. He concluded that the pullout resistance increased with 
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overburden pressures and that the interface parameters obtained from the pullout tests are close to the 
soil strength parameters determined by the direct shear box tests. Junaideen (2001) also reported a 
similar behaviour for steel bars embedded in completely decomposed granite. Moreover, Feijo and 
Erhlich (2003) performed pullout tests on grouted nails embedded in silty sand material. Cartier and 
Gigan (1983) performed pullout tests on steel nails installed in dense sand and Heymann et al (1992) 
carried out tests on grouted nails embedded in residual andesite soil. 
 
 
Figure  7.3.3: Comparison of pullout resistance of grouted nails and screw nail. 
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Figure  7.3.4: Comparison of pullout resistance for grouted nails, steel bars and screw nail. 
It seems clear from the two figures that the performance of the screw nail is exceptionally 
good. The data trend is similar to that of the results reported by Pradhan et al (2006), but the screw 
nail displays better performance in terms of the pullout resistance for the same surcharge pressure. 
Even though the relationship between the pullout resistance and overburden pressure is not 
clear but some investigators like Schlosser (1982) has attributed it to dilatancy characteristic of some 
soils. On the other hand, Pradhan et al (2006) found that for loose soils the dilatancy effect can be 
considered negligible. However, what is clear is that this dependency of pullout resistance on the 
surcharge pressure is highly dependent on the soil types and the geometry of the soil nail. For 
example, in separate paper by the author, in which a comparison of pullout resistance against 
surcharge pressures is presented for screw and grout nails embedded in cohesive soil, shows that 
unlike the screw nail the pullout resistance for the grout nail was independent of the surcharge 
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pressure. This result is consistent with several investigators who performed pullout tests on grout nails 
in cohesive soils.   
Figure  7.3.5 presents the results of interface adhesion and the friction angle as determined by 
Equation 2.9.9 and it follows that the failure envelop can be modelled by the Mohr-Coulomb 
criterion. The estimated apparent adhesion found in the laboratory is 48 kPa and the apparent friction 
angle 26. 
 
Figure  7.3.5: Peak pullout resistance against overburden pressure. 
An interesting point from the results of the peak resistance against the overburden pressure is 
that the friction and adhesion values are very close to the soil parameters obtained from the direct 
shear test. This was thought and is subsequently confirmed by the present work to be due to the fact 
that the maximum interface shear strength is attained by the nail and therefore that the peak resistance 
is developed at some distance away from the nail interface. This result is visually validated by the 
deformations of red colour sand that is presented in the next section. 
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7.4 Soil rupture zone  
Thin vertical sand lenses or bands of about 5mm thickness were cast in the test box. The 
sourced sand material was sieved with 2mm aperture size sieve then red dye was added and left to dry 
out.  
The deformation patterns and the induced sheared or rupture zone boundary as well as the 
radial extent of the lateral displacement that are deduced from the laboratory test at the completion of 
the test are shown in Figure  7.4.1. The deformations are clearly asymmetric in the horizontal and 
vertical because of the differences in the confining pressures. The photo shown in this Figure  7.4.1 
was constructed by scaling and overlaying individual photos that were taken after the removal sand in 
100 mm thick layers. Based on this deformation patterns, the area could be separated into three 
distinct zones: (1) the curved conical zone at the front of rear helix, (2) the extended curved zone 
around the helix, and (3) extended cylindrical zone approximately between the two helices. The 
processes by which these stress zones initiate and develop are very difficult to realise. But, 
nevertheless the complex interactions between the helices are overly simplified. Contrary to one 
might expect the ruptured lines are not at the interface but rather at a distance of about 50 near the 
helix to about 32 mm in between the two helices.  
A comparison of the experimental results with finite element method on the rupture zone as 
well as the deformation pattern of the screw nail is presented in Chapter 8. 
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Figure  7.4.1: Laboratory pullout test showing deformation pattern and rupture zones (red lines). 
One of the disadvantages of interpreting the deformation pattern is the sensitivity of the shear 
and failure zones to the screw nail pullout force. In other words, it is difficult to know the inter-
relationships between the soil stresses and pullout force and how the incremental stresses develop as 
the pullout force is increased. Therefore, the interaction between the pullout force and the shear 
resistance surfaces can be studied in more details by the measurements of the soil stresses by the 
loadcells.  
7.5 Soil Stress 
Soil stresses were measured with four load cells placed in the box at the lateral positions, 
shown and discussed in details in Chapter 3. The vertical load cells were positioned at 100 mm above 
the bottom of the box and the horizontal cell were placed at about 400mm from the bottom of the box.  
The results of the vertical and horizontal stress changes measured by the inserted transducers 
are shown in Figure  7.3.5. The plots were produced by translating the abscissa so they best fitted the 
plot area.  The negative values registered by the load cells mean compression. 
Generally, the stress results show that pullout forces are resisted by transmitting them in the 
vertical and horizontal directions as well as at the rear of the screw as it is pulled out. The shape of the 
stress is not symmetrical in the two directions due to the fact that the principal stresses in the vertical 
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and horizontal directions and the location of the screw nail vary. It must be noted that since the 
loadcells were positioned in the principal stress directions, it is more accurate to refer to the loadcells 
data as the shear stress measurements because the screw nail invariably induce shear stresses in the 
soil. 
The general observations of the stress measurements are that when the surcharge is applied, 
all the loadcells register increases in compression and as the screw nail is pulled out it causes the 
surrounding soil to gradually reduce in compression in the elastic or recoverable region, and then 
depending on the loadcell location, the stresses either remain the same or increase in compression 
gradually until he maximum pullout resistance is reached. This pattern of behaviour of decreasing and 
increasing in the soil compression forces are mimicked by all the loadcells in general, with exception 
that the magnitudes of stress vary slightly. Obviously, the stress measurements are more dramatic for 
the vertical loadcells when compared to the horizontal measurements.  
Furthermore, it also seems from the results that the tip helix of the soil nail too contributes to 
the full pull out capacity, albeit small. This serves two functions, viz. aiding with the installation with 
the minimum disturbance and contributing to the pullout capacity. The stress decrease (suction) was 
measured to be on average 10 kPa behind the tip of the helix away from the screw nail movement. 
More details on the bases of the individual loadcells are as follows. 
 
Figure  7.5.1: Load cell pressures, nail force and displacement plot with time. 
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Initially, all the loadcells are in compression except the loadcells 3 and 4 which are at neutral 
state for the 19 and 34 kPa surcharges and are in tension for the 75 kPa surcharge. When the 
surcharge load is applied, the stresses further increase in magnitude or become more compressed and 
the magnitude of which is dependent on the position of the loadcell. As the pullout force is applied, 
the screw nail causes the loadcells to lose some of their compression stresses up to the nail 
displacements of approximately 1-3 mm nominal. These compression stresses then either decrease or 
remain the same till the end of the pullout tests.  
Typical magnitudes of the stress increases (in compression) measured by the two vertical 
loadcells 1 and 2 during the pullout are between 10-15 kPa and 6-12 kPa for the three surcharges, 
respectively. On the other hand, the stress increases for the two horizontal loadcells are about half to a 
third less in magnitude but the values vary randomly depending on the location and the interaction of 
the screw helices. Also, unlike the vertical loadcells that remain consistently compressed throughout 
the test, the horizontal loadcells transition slowly form the neutral to slightly compressed state to a 
more tensioned state as the overburden pressures are increased. 
Perhaps a general inference one can draw from the loadcells results is that it seems that the 
screw nail induces tension stresses in the sand around the sides and top half of the nail and towards 
the bottom of the nail the overall trend is compression stress. In this regards, it is suggested that more 
detailed instrumentation testing be carried out to confirm this inference. 
7.6 Surcharge pressure 
Figure  7.6.1 shows the results of the surcharge pressure measurements during the pullout 
tests. It should be noted that the curves were shifted and plotted on abscissa.  The results show that 
during the application of the vertical loads, the three surcharge pressures remained generally uniform 
during the pullout test. 
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Figure  7.6.1: Results of plate loadcell for the different surcharges. 
The plate displacement during the testing of screw nail is shown in Figure  7.6.2. Net vertical 
displacements of -0.2 mm, 0.05 mm and 0.5 mm were measured for the 19 kPa, 34 kPa and 75 kPa 
surcharge pressures, respectively. The negative value indicates settlement or compaction of the soil 
and the positive value is the expansion or swelling of the soil during the tests. Although the values for 
the lower surcharge pressures are relative small and may be insignificant, but for the higher surcharge 
pressure the value, albeit small, but are significant due to high soil stiffness and higher forces are 
mobilised during the testing. 
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Figure  7.6.2: Plate movement measurements during pullout tests in fine sand. 
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8 NUMERICAL SIMULATION 
 
8.1 Introduction  
In the previous chapter the results of the screw nail pullout tests and the graphical 
deformation pattern on the failure zone were presented and discussed. In this chapter an attempt is 
made to replicate these results and compare with the results of numerical finite element analysis. 
To this aim, a three dimensional finite element (FE) model was developed to simulate the 
nail-soil interaction of soil nail during shear-box pull-out test under different overburden pressures. 
The details of soil model together with its interaction model with the screw nail are presented and 
discussed in the following section.  
For the numerical study, a general purpose FE program called Abaqus was used. It supports a 
variety of constitutive models for soils including Mohr-Coulomb, Drucker-Prager, Cam-Clay and Cap 
plasticity models.  Abaqus can also model the contact and frictional interaction between the screw nail 
and soil.  
The pullout tests were simulated by an axisymmetric, three-dimensional (3D) 
stress/displacement elements model. The analysis was performed using the explicit method through a 
series of steps. Abaqus/Explicit model analysis is used in slope stability analysis and those with soil 
nails which involve failures due to gravity and overburden pressure. This Abaqus/Explicit method is 
also appropriate for analysis of problems that involve large post failure deformations and large 
displacements of dislodged soil masses.  
Analysis of soil nail testing by FE program is inherently very complex due to many soil types, 
geometry and construction processes involved. Therefore, for the FE analysis the model was greatly 
simplified. As a result, the model did not take soil moisture, creep, dilation, screw nail rotation, soil 
cutting, soil transport or disturbance and soil compaction into account. 
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The overall dimensions of the model were same as the internal dimensions of the large box 
describe in Chapter 3.  
8.2 Discretisation 
8.2.1 Screw nail 
The discretisation of the screw was set up based on the simpler geometry shown in 
Figure  8.2.1. As shown in Figure  8.2.2, the screw nail was modelled using finite element mesh 
comprising 1060 linear hexahedral elements C3D8R. Their property was set up as elastic deformable 
solid elements with each node having three degrees of freedom corresponding to the displacements 
along the XYZ axis. The main difference between this model and the actual geometry is the tip 
helices which have been simplified to ring plates instead of a continuous spiral. This simplification 
greatly assisted in the reducing the complexities of the FEM modelling and the computer processing 
time dramatically, albeit still very time consuming. 
 
Figure  8.2.1: Simplified full model of screw nail used in the FE anlaysis. 
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Figure  8.2.2: Meshing of the symmetrical half model of the screw nail. 
8.2.2 Soil 
The soil model was defined as the same size as the inner dimensions of the large pullout box 
described in Chapter 3 of this thesis. For the FE analysis, due to its symmetry, only half of the soil 
was modelled and the discretisation shown in Figure  8.2.3 consisted of 32106 linear hexahedral 
elements of type C3D8R. The soil around the soil-nail interface was meshed finely and the element 
density was gradually reduced radially moving away from the soil-interface. 
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Figure  8.2.3: 3D finite element model of the soil block and meshing. 
 
The stress strain behaviour of the soil was modelled by the modified Drucker-Prager/Cap 
model and the interaction between the nail and soil was simulated using a penalty-type contact 
formulation.  
Anisotropic elastic-perfectly-plastic model using the Drucker–Prager failure criterion was 
adopted. The model is expressed in terms of stress invariants in Abaqus as follows: 
Mean effective stress,  
݌ᇱ ൌ ߪଵ
ᇱ ൅ ߪଶᇱ ൅ ߪଷᇱ
3   8.2.1 
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Mises equivalent stress, 
ݍ ൌ ඨ32 ሺܵ: ܵሻ  8.2.2 
 
Where S = deviatoric stress and is defined as, ܵ ൌ ߪ െ ݌ᇱܫ, where I is unit tensor. 
The Drucker-Prager failure surface is given by 
ܨ ൌ ݐ െ ݌ᇱݐܽ݊ሺߚሻ െ ݀ ൌ 0  8.2.3 
 
Where  the soil friction angle and d is is its cohesion. The yield stress on the ݐ is given by 
ݐ ൌ ݍ2 ቈ1 ൅
1
ܭ െ ൬1 െ
1
ܭ൰ ൬
ݎ
ݍ൰
ଷ
቉  8.2.4 
 
K = yield tension and compression stress ratio. 
For tri-axial compression conditions, the Mohr-Coulomb parameters can be converted to 
Drucker-Prager parameters using equations: 
ݐܽ݊ሺߚሻ ൌ 6ݏ݅݊ሺሻ3 െ ݏ݅݊ሺሻ 
 8.2.5 
 
 
݀ ൌ 18ܿܿ݋ݏሺሻ3 െ ݏ݅݊ሺሻ  8.2.6 
 
Where 	is the internal friction angle and c is effective cohesion of soil defined in the Mohr-
Coulomb yield criterion. 
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Table  8.3.1 summarises the parameters adopted in the analysis. The parameters were obtained 
from the relevant experimental tests discussed in Chapter 5.  
8.3 Analysis 
Explicit analysis was carried out in three steps. In the initial step the boundary conditions, 
such as fixing the outer faces and the putting the symmetry condition for the cut face, were invoked. 
In the second step the surcharge pressure was induced incrementally followed by the application of 
the pullout force in a slowly increasing or a ramp fashion in the third step. This process was followed 
for three surcharge pressures of 19 kPa, 34 kPa and 75 kPa, which were the same surcharge pressures 
utilised for the pullout tests of screw nail in sand reported and discussed in the previous chapter.  
During the analysis only negligible errors were reported by the FE package for the three 
simulation tests. Typical error message was pertaining to the distortions of a small number of 
elements, which were understandably to be expected given the large displacements of the screw nail 
during the pullout test.  
8.3.1 Boundary conditions, interaction model and loading 
Since the soil block and screw nail were made symmetrical, as discussed in Section  8.2.1, it 
allowed for the model to be studied in greater details and in large amount of time savings and 
reduction in computation resources.  
The displacement boundary conditions of the numerical model were taken as vertical rollers 
on all the sides and bottom faces of the soil bloke representing the volume of soil in the large pullout 
box. No-flow or pore water pressure conditions were assumed due to the nature of the fine dry sand. 
The interaction was frictional and it was deemed to be the most appropriate in the case of screw nail 
tests in fine sand. 
The model dimensions were about 1mx1mx1.5m. The nail was modelled to be initially in 
perfect contact with the soil and the interaction between them is simulated using a penalty-type 
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interface with a friction factor of 0.3. This type of interface sufficiently represents the frictional 
interaction between the soil and nail.  
Loads were applied in the form surcharge pressure on the top of the soil block. Pullout load 
was applied at the end of the screw nail at the end of the surcharge pressure. As the screw nail was 
pulled out, the soil material failed due to shear at the interface and a new contact interaction zone is 
created between the ‘failed’ soil and the ‘intact’ region and thus the analysis progress further in 
similar fashion. 
8.3.2 Soil-nail parameters 
The frictional properties of the soil-nail interface were evaluated from the pullout tests in the 
laboratory and are presented in Chapter 7. From these tests, the cohesion and friction angles were 48 
kPa and 26 (0.49) respectively.  Further, the interface between the screw nail and the surrounding 
soils were assumed to follow the friction rule with a friction coefficient value of 0.3 between the 
screw nail and the sand. The shear box test results are given in the Appendix B. The soil-nail interface 
parameter is given in Table  8.3.1. 
Table  8.3.1: Nail and soil parameters used in FE analysis. 
 Nail Soil 
Density,  (kN/m3) 7.85 1.67 
Young’s modulus, E (MPa) 200,000 50 
Poison’s ration,  
 
0.3 0.3 
Effective cohesion, d (MPa) 
 
- 0 
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Effective angle of friction, () 
 
- 52 
Angle of dilation () 
 
- 0 
Void ratio (-) 
 
- 0.6 
Surcharge pressures (kPa) 19, 34, 75 
Frictional coefficient (-) 0.25 
 
8.4 Results 
The results of the FE analysis are presented and discussed. First, the screw nail pullout 
capacity with displacement is compared with the results of the experimental tests presented in Chapter 
7. In the subsequent sections, the soil deformation patterns, the plastic shear zones and the nail 
bending stress are presented.  
8.4.1 Pullout resistance 
The result of the nail pullout load for one simulation is plotted against the nail displacement 
and is shown in Figure  8.4.1.  The results of the load-displacement plots for the other two simulations 
were identical. Despite the fact that there is no discernible peak in the load-displacement plot, but the 
peak load and displacement values of 17 kN and 20 mm were obtained at the end of the test after a 
substantial displacement of screw nail, which indicates that the failure load had have been reached. 
Comparison of the load-displacement plots of the FE analysis with the experimental tests 
indicate that the initial part of the curve in the FE analysis the load-displacement stiffness response is 
substantially lower, although the peak loads are very similar. 
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The peak resistance values were calculated using the peak loads from the Abaqus simulations and are 
given in Table  8.4.1. These resistance values uniform and, unlike the experimental values, they are 
independent of the surcharge pressure. 
 
Figure  8.4.1: Numerical results of screw nail pullout load vs displacement. 
 
Table  8.4.1: Results of the numerical pullout resistance. 
Nail length 
(mm) 
Diameter 
(mm) 
Surcharge 
(kPa) 
Max pullout load 
(kN) 
Pullout resistance, qu 
(kPa) 
600 150 19 17 60 
600 150 34 17 60 
600 150 75 17 60 
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8.4.2 Nail force distribution 
Figure  8.4.2 show the typical nail bending stress induced during the pullout FE simulation 
tests. The bending stresses are plotted along the length of the screw nail and the maximum bending 
stress occurs at the location of the screw nail plates. The highest magnitude of stress occurs at the 
location of the larger tip plates. It seems from the results that the bending stresses are induced by the 
plates during the application of surcharge and pullout loads. The distribution of the bending stress 
when compared to the convention al grout nails is somewhat different, where the maximum bending 
stress occurs approximately at middle of the nail. 
 
Figure  8.4.2: Variation of bending stress along the screw nail shaft at the completion of numerical 
pullout test. 
8.4.3 Displacement and strain contours 
The displacement contours of the FE analysis is shown in Figure  8.4.3. The shape of the 
contour shown is very consistent with the results of the experimental data presented in Chapter 7. It 
shows that the soil displacement extends radially as the screw nail is pullout out, indicating that the 
screw nail interaction is better than that of the conventional grout nail that was also discussed and 
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shown in the previous chapter. An interesting result from this displacement contour results is that the 
tip helices of the screw nail also cause some displacement meaning that they also contribute to the 
total pullout resistance of the screw nail. This was also deduced in the previous chapter from the 
results of the loadcells placed within the soil box. 
The result of the plastic strains is shown in Figure  8.4.4 and show the extent of the soil that 
experienced plastic straining during the pullout test of the screw nail. As to be expected the area 
where the highest plastic strain occurs is to the front of the plates and extents radially slightly 
outward. This again proves the point that the helical screw nail better load carrying capacity of the 
nail is attributed to this behaviour, where the soil shear zone extend outward from the plate-soil 
interface areas. This is contrary to the behaviour of the conventional grout nail seen in the literature. 
There are also some plastic strain occurring behind the tip plates that indicates consistent result, which 
is that they also make some contribution to the total screw nail resistance. 
 
 
Figure  8.4.3: Results of displacement contours from FE analysis of screw nail pullout test. 
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Figure  8.4.4: Results of plastic strain from FE analysis of screw nail pullout test. 
 
8.4.4 Effects of varying surcharge pressures 
The effects of surcharge pressure on the pullout capacity of the screw nail as well as its 
comparison with the experimental results produced in Chapter 7 are shown in Figure  8.4.5. 
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Figure  8.4.5: Comparison of experimental and numerical peak resistance vs surcharge pressure. 
As it can be seen from the results of the peak pullout resistance again the surcharge pressure, 
the peak pullout resistance does not vary with the surcharge pressure. This result was not expected 
and thus seems to be contrary to the experimental results obtained and presented here. One possible 
reason for this could be due to the dilation effect of the soil was not taken into account. 
Another possible reason could be that the soil-nail interaction can be assumed as either being 
bonded or slipping. In the first case where the interaction is bonded, the full transfer of shear strength 
is ensured. However, in the slippage model, the coulomb’s law of friction is used and the plastic 
slippage occurs when the friction stress exceeds user specified maximum shear stress. In the FEA 
model the interaction was simulated using penalty-type interface elements between the nail and soil 
with a friction factor given in Table  8.3.1. This type of coulomb friction interface may not be capable 
of depicting the interaction between the nail and soil. 
It must be mentioned that after a parametric analysis during the course of the FE analysis, it 
was revealed that the most obvious parameters that had great influence of the results obtained were 
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the boundary conditions, surcharge and pullout load applications. Without a doubt that the soil and 
nail parameters doe have an effect, but the loading conditions far outweighed all the other parameters 
in terms of the results presented here. 
Therefore, it was most important in the FE analysis to strictly follow and replicate the 
laboratory conditions. Overall, it can be concluded that except one aspect of the results above, the 
most important aspects of the results, which were the shear and displacement zones as well as the 
bending stresses, compare very well with the experimental results presented in the last chapter. 
Further, it has been shown that the FE analysis can be accurately used to model and analyse the 
behaviour of the screw nail. 
 
 
 
 
 
 
  
179 
 
9 SUMMARY, CONCLUSION, SUGGESTIONS & 
LIMITATIONS 
 
9.1 Summary  
9.1.1 Pullout tests of screw nail in clay 
A series of laboratory pullout tests of screw soil nail in silurian residual soils were performed. 
A suite of laboratory tests was carried out to characterise the soil and the summary of results was 
presented. The results of the pullout capacity, shear resistance and frictions coefficients were 
calculated and comparisons of the results for the screw and grout nail were presented. Further, results 
of the instrumentation the screw soil nail embedded in loose sand were carried out and the results 
were discussed. 
The following observations and conclusions can be made on the basis of the work presented 
herein: 
1. The pullout load-displacement curves for the screw nail are dependent on the surcharge 
pressure and for the grout nail it independent of the surcharge pressures applied. Due to the 
characteristics of the residual clay soil, no sharp reduction and residual value are observed.  
2. For small pullout displacements, the screw nail exhibits almost perfect linear force-
displacement relationship indicating the displacement is recoverable and no plastic deformation has 
occurred. The pullout resistance at large displacements exceeds the so called peak value and therefore 
from an efficiency point of view, the high adherence of the screw nail is better to use in areas 
susceptible to earthquake excitation or where large displacement may occur.  
3. The peak pullout shear resistance increases are linear with the increase of normal stress and 
follows the Mohr-Coulomb failure criterion for the screw nail. However, for the grouted nail the peak 
pullout resistance is uniform and exhibits a drained condition. 
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4. The results show that the peak pullout forces are mobilised at about 49 mm nominal for the 
screw nail. In the field condition, screw nail can also be expected to mobilise similar pullout capacity 
in similar ground movement. 
5. The results of the loadcell transducer used around the screw nail show that the confining 
stress acting on the nail increases radially as the nail is pulled out. Consequently, for the screw nail 
the failure surface shifts deeper into the surrounding soil resulting in large slip diameter. Marginal 
stress increases are noted for the grout nail, indicating the shear slip is at or near the soil-nail 
interface. The tapered tip helix also seems to contribute to the total pullout capacity of the nail.  
6. Comparison of the pullout performance for the screw nail when compared to the 
conventional grout nail show that the screw nail performs better in terms of pullout capacity. The 
screw nail minimises the remoulding of the soil around the helices and therefore results in better soil-
nail interface interaction mechanism.  
7. Based on measured results of the apparent coefficient of friction measured in the pullout 
tests indicate that the pullout test result for the screw nail is better and that the pullout test is an 
appropriate method of obtaining design values of interface friction.  
8. The apparent cohesion observed in laboratory is markedly higher than that derived for 
grout nail. The value of the cohesion and friction angle controls the factor of safety with respect to the 
failure mechanism by slippage.  
9. The study has shown that the screw nail results in significant performance in pullout 
capacity over the conventional grouted soil nails. The potential for economical use of the nail would 
appear particularly great for areas where access is limited, rehabilitation of existing structures such as 
retaining walls and areas where soil drainage capability of the soil is required for the enhanced 
performance. 
10. The results of the screw nail testing in clay soil was presented in a journal publication by 
the author (Tokhi et al, 2016). 
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9.1.2 Pullout tests of screw nail in sand 
A series of laboratory pullout tests on screw soil nail in dry sand were performed. The pullout 
capacity and frictions coefficients were calculated and comparisons of the results with published data 
were presented in this paper. Further, large scale laboratory test to investigate the shear zone 
deformation patterns of the screw soil nail embedded in loose sand was carried out and the results 
were compared to the published research by other investigators. 
The following observations and conclusions can be drawn about the screw nail on the basis of 
the work presented herein: 
1. The design of new screw nail offer many advantages such as easy installation with no 
spoils and grouting, better nail-ground interaction resulting in increased pull-out capacity and it’s 
suitability for reinforcing all ground conditions including sand and gravel. 
2. The general load-displacement response of the pullout curves is different than those for the 
grouted nail. The grouted nails generally have an accentuated peak values followed by a sharp 
reduction in the residual value, whereas for the screw nail does not show any residual values and the 
pullout resistance at large displacements exceeds the so called peak value and therefore from an 
efficiency point of view, the high adherence of the screw nail is better to use in areas susceptible to 
earthquake excitation or where large displacement may occur.  
3. The pullout shear strength for laboratory tests increased with the increase of normal stress 
and generally presented a tendency that appears to follow the Mohr-Coulomb failure criterion. 
4. The laboratory pullout results show that the peak pullout forces are mobilised about 25 mm 
of relative displacement. In the field condition, screw nail can also be expected to mobilise a great 
portion of the pullout capacity in response to similar ground movement. 
5. Comparison of the pullout performance for the screw nail when compared to other 
conventional as well as the pressurised cement grouted nails show that the screw nail generally 
performs better in terms of pullout capacity. It may be due to the fact that screw nail enhances the soil 
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around the helix tip resulting in denser soil and therefore the actual failure surface shifts deeper into 
the surrounding soil resulting in larger soil-nail diameter in pullout tests. However, it must be noted 
that pullout capacity is not only dependent on the nail but also the soil properties in which the nail is 
installed. 
6. The results of the loadcell transducers used around the screw nail show that the confining 
stress acting on the nail is increased as the nail is pulled out. The tapered tip helix, contrary to the 
expectations, does provide some contribution to the pullout capacity of the nail as indicated by the 
loadcell measurements. 
7. An interesting aspect of the loadcell results is that the confining stresses are gradually 
decreased at the beginning of the pullout test and subsequently increased after some displacement. It 
is generally observed that the shape of the stress is not symmetrical and that it seems that the screw 
nail induces tension stresses in the sand around the sides and top half of the nail and compression 
stress towards the bottom of the nail. 
8. Measurement of the deformation and shear zones show that the failure surfaces of soil nail 
shifted about 32 to 50 mm on average between the two helices into the surrounding soil. Shear zones 
for the screw nail tend to be deeper into the surrounding soil that results in larger soil-nail diameter 
than in the conventional nail-soil interface. 
9. The width and shape of a shear zone in soil is altered by the nail-soil bond. The actual 
deformation pattern of the nail-soil can be described by a smooth asymptotic curve in the region 
before the rear helix. These types of deformation patterns differ substantially from the simple shear 
deformation pattern assumed in previously published models in the area of foundation anchors. 
10. Based on the results of the apparent coefficient of friction calculated from the pullout tests 
and their comparison with published data indicated that the pullout test result for the screw nail is very 
good and that the pullout test is the more appropriate method of obtaining design values of interface 
friction.  
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11. The apparent cohesion observed in laboratory is markedly higher than that derived from 
the data established in the literature for other nail types such those like grouted nails. The value of the 
cohesion angle controls the factor of safety with respect to the failure mechanism by slippage. 
However, the values of the angle of interface friction, for factors still not definitively known, are 
found to be decreasing with the surcharge pressure. This result is similar to the data published in the 
literature.  
12. The study has shown that the screw nail result in significant performance in pullout 
capacity over the many conventional soil nails. The potential for economical use of the nail would 
appear particularly great for areas where the natural material is granular, hard to access or limited 
access areas and areas where soil drainage capability of the soil are required for the enhanced 
performance. 
13. The present investigation involves a limited number of field pullout tests. More field 
pullout tests considering various grouting pressures are recommended in comparative study. It is 
envisaged that the present study will be a good basis for further investigations in this area. 
14. The results of the screw nail testing in clay soil was presented in a journal publication by 
the author (Tokhi et al, 2016). 
9.1.3 Numerical simulation 
A three dimensional finite element (FE) model was developed to simulate the nail-soil 
interaction of soil nail during shear-box pull-out test under different overburden pressures. The details 
of soil model together with its interaction model with the screw nail were presented and discussed.  
For the numerical study, a general purpose FE program called Abaqus was used. It supports a 
variety of constitutive models for soils including Mohr-Coulomb, Drucker-Prager, Cam-Clay and Cap 
plasticity models.  Abaqus can also model the contact and frictional interaction between the screw nail 
and soil.  
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The pullout tests were simulated by an axisymmetric, three-dimensional (3D) 
stress/displacement elements model. The analysis was performed using the explicit method through a 
series of steps. Abaqus/Explicit model analysis is used in slope stability analysis and those with soil 
nails which involve failures due to gravity and overburden pressure. This Abaqus/Explicit method is 
also appropriate for analysis of problems that involve large post failure deformations and large 
displacements of dislodged soil masses.  
The following observations and conclusions can be drawn about the screw nail on the basis of 
the work presented herein: 
1. The results of the pullout load against displacement show that similar peak load was 
attained from the 19 kPa surcharge and the peak loads for all the other surcharge pressures were same. 
The initial part on the curve shows a substantially less stiffness response to the applied load. 
2. The nail maximum nail bending stresses occur at the location of the helices, with the 
greater value at the location of the tip helix. 
3. The displacement contours showed are very similar soil displacements from the results of 
the experimental work. 
4. The peak pullout resistance was independent of the surcharge application stress and 
showed similar response as a undrain test condition. 
5. It could be shown that Abaqus can be applied to solve a wide range of boundary value 
problems in the analysis of screw soil nails. This offers researchers a tool to examine some of the 
open problems in geotechnical constructions regarding deformations or the optimization of 
construction. It should not be concealed that the presented simulations have limits caused by 
modelling features and hardware resources, which are discussed in the subsequent section.  
6. The comparisons of the FE analysis and the experimental works conclude that the 
developed 3D numerical approach is quite appropriate to model the spatial reinforcement effect of soil 
nails under surcharge and axial loadings.  
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7. Finally, the information obtained from the three-dimensional FE analysis contributes to the 
deeper understanding of the behaviour of the reinforcing and failure mechanisms of nailed soil and 
can be helpful for the correct design of nailed soil structures. 
8. Some of the results of the screw nail testing in clay soil was presented in a conference by 
the author ( Tokhi et al, 2013). 
9.2 Conclusion 
New screw nail prototype was designed, fabricated and tested in large purpose made box 
using residual clay and fine sand soils. A full scale analysis of the model was also carried out using a 
3D finite element package. A comprehensive suite of soil laboratory tests were conducted to 
characterise the residual clay and fine sand materials. All the results of the pullout loads, soil and 
stresses, shear failure zones were obtained and compared with each other. 
Also, other parameters such as the peak resistance stress, apparent friction and cohesion were 
calculated and compared with the results of other investigators in the area of soil nail and anchor 
foundation. It was shown that the screw nail performed particularly well when compared with the 
results of the published data. 
The finite element package can be used to analysis soil nail behaviour with great confidence, 
provided appropriate parameters are used and proper testing methods and procedures are followed. 
Generally, it has been shown from the various tests and comparisons of the results, that the 
screw nail’s performance is exceptionally good compared to the conventional grout nail used in the 
construction industry. It offers many construction advantages and a great potential for future research 
studies. 
9.3 Suggestions and further research 
1. The tensile stress distribution along the reinforcement length. 
2. Deformation soil nail walls (both lateral and vertical) 
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3. Screw nail can be installed prior to excavation of slopes improve the displacements of the 
wall face. This has been shown by centrifuge testing by Pedley (1990) and Tei (1993). 
4. Inclination of soil nail. It has been established that the optimum angle of installation of soil 
nails is around 15-20 degrees. Further, it has also been shown by Guler and Bozkurt (2004) 
that soil nails installed at an upward angle above the horizontal resulted in excess tension of 
10-15 percent than the nails inclined below the horizontal. Also, the deformations of the wall 
in the case of upward inclined nails were less. In addition, the overall factors of safety using 
the software Talren were 0.99 and 1.2 for the downward and upward inclined soil nails, 
respectively.  
5. The horizontal stress changes, as results of the installation, are not well known. Mitsch and 
Clemence (1985) showed that the magnitude of the lateral stress change for helical piles is 
proportional to the initial relative density of soil and made recommendations on the lateral 
earth pressure increases. Ghaly and Hanna (1992) examined the effect of helical shape on the 
stress development in sand by testing five model anchors with different geometry. It that the 
However, for screw nail the radial stress increase as results of the nail insertion is not known. 
6. The results of the pullout tests in the residual soil was probably affected by the inability of the 
hydraulic pump to sustain high pressures for long duration of time required for the stresses 
and consolidation to reach equilibrium. 
7. Liquefaction of soil is a major geotechnical problem triggered by various cyclic (earthquake) 
and static (flow) mechanisms that results in large deformations and sharp reduction in 
effective soil shear strength. This reduction is often as a result of the increase and 
redistribution of the pore water pressure.  
9.4 Limitations 
Despite the aforementioned advantages of the screw nail, the major limitation of the screw 
nail is believed to be in in hard residual soils and soils containing large boulders. In these soils, the 
self-drilling advantage of the nail may be severely hampered. 
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The failure mechanism is a very complex phenomenon and is dependent on many factors such 
as the soil density and type, helix diameter and spacing, plate thickness, shaft diameter among several 
others. To investigate all and every aspect of these factors involved a huge amount of work needs to 
be done before clear and consistent results are found. In this regard, the work presented here is not 
sufficient and is rather very limited based on the small number of tests. Nevertheless, in view of the 
current literature on screw soil nails, this work is believed to be provide some basic groundworks for 
future work to continue in this area. 
Due to the very large model and computation time, the influence of all parameters cannot be 
produced in a single study. It is recommended that a comprehensive parametric analysis should be 
carried out on the influence of the various parameters on the performance of the screw nail like the 
development of the failure zones and the response of the load-displacement. 
The FE model did not allow for any soil distortion from the installation actions throughout the 
entire installation process. Similarly, the full nail and soil could not be modelled by the FE code due 
to the complexity of the problem. Therefore, additional research is recommended in this area to 
further develop numerical simulations to model soil behaviour during the installation of the screw 
nail.  
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A Study of New Screw Nail – Sustainability Report PhD Research Hamayon Tokhi 
  RMITniversity                         Melbourne VIC       3000 Sustainability Report                                                                                                                    
 
Model Name:  Screw nail  Material:  AISI 1015 Steel, Cold Drawn (SS) 
Recycled content: 18 % 
Weight:  4030.72 g 
Manufacturing process:  Sheet metal 
Built to last:  100 year 
Duration of use:  100 year 
 
 
        
 Manufacturing Region The choice of manufacturing region determines the energy sources and technologies used in the modeled material creation and manufacturing steps of the product’s life cycle. 
       
 
 Use Region The use region is used to determine the energy sources consumed during the product’s use phase (if applicable) and the destination for the product at its end-of-life.  Together with the manufacturing region, the use region is also used to estimate the environmental impacts associated with transporting the product from its manufacturing location to its use location.  
 
Summary 
 
 Learn more about Life Cycle Assessment    
Sustainability Report 
     
   
Model Name:   Screw nail Material:  AISI 1015 Steel, Cold Drawn (SS) Weight:  4030.72 g Manufacturing process: Built to last: 100 year Sheet metal 
Recycled content: 18 % Duration of use: 100 year  
   
Material AISI 1015 Steel, Cold Drawn (SS) 18 % 
 
Manufacturing  Region: Australia Process: Sheet metal Electricity consumption: 0.132 kWh/lbs Natural gas consumption: 1.0E-4 AutoTrace/lbs Scrap rate: 5.0 % Built to last: 100 year 
 
Use  Region: Australia Duration of use: 100 year 
 
Transportation  Truck distance: 100 km Train distance: 0.00 km Ship distance: 0.00 km Airplane Distance: 0.00 km 
 
End of Life  Recycled: 100 % Incinerated: 0.00 % Landfill: 0.00 % 
 
Comments  
 
Click here for alternative units such as ‘Miles Driven in a Car’ 
  
 
Sustainability Report 
     
Model Name:   Screw nail Material:  AISI 1015 Steel, Cold Drawn (SS) Weight:  4030.72 g Manufacturing process: Built to last: 100 year Sheet metal 
Recycled content: 18 % Duration of use: 100 year  
   
   
  Environmental Impact 
 Carbon Footprint 
 
Material:  7.0 kg CO2 
Manufacturing:  0.657 kg CO2 
Transportation:  0.019 kg CO2 
End of Life: 0.00 kg CO2 
 
7.7 kg CO2  
 
Total Energy Consumed  
 
Material:  93 MJ 
Manufacturing:  6.7 MJ 
Transportation:  0.275 MJ 
End of Life: 0.00 MJ 
 
100 MJ  
 
 Air Acidification 
 
Material:  0.020 kg SO2 
Manufacturing:  3.0E-3 kg SO2 
Transportation: 8.6E-5 kg SO2 
End of Life:  0.00 kg SO2 
 
0.024 kg SO2  
 
Water Eutrophication 
 
Material:  1.8E-3 kg PO4 
Manufacturing:  1.6E-4 kg PO4 
Transportation: 2.0E-5 kg PO4 
End of Life:  0.00 kg PO4 
 
2.0E-3 kg PO4  
 
Comments  
 
Click here for alternative units such as ‘Miles Driven in a Car’ 
  
 
Sustainability Report 
   
 
  
Sustainability Report 
 
   
 Glossary  Air Acidification - Sulfur dioxide, nitrous oxides other acidic emissions to air cause an increase in the acidity of rainwater, which in turn acidifies lakes and soil.  These acids can make the land and water toxic for plants and aquatic life.  Acid rain can also slowly dissolve manmade building materials such as concrete.  This impact is typically measured in units of either kg sulfur dioxide equivalent (SO2), or moles H+ equivalent.    Carbon Footprint - Carbon-dioxide and other gasses which result from the burning of fossil fuels accumulate in the atmosphere which in turn increases the earth’s average temperature. Carbon footprint acts as a proxy for the larger impact factor referred to as Global Warming Potential (GWP). Global warming is blamed for problems like loss of glaciers, extinction of species, and more extreme weather, among others.  Total Energy Consumed - A measure of the non-renewable energy sources associated with the part’s lifecycle in units of megajoules (MJ).  This impact includes not only the electricity or fuels used during the product’s lifecycle, but also the upstream energy required to obtain and process these fuels, and the embodied energy of materials which would be released if burned.  Total Energy Consumed is expressed as the net calorific value of energy demand from non-renewable resources (e.g. petroleum, natural gas, etc.).  Efficiencies in energy conversion (e.g. power, heat, steam, etc.) are taken into account.   Water Eutrophication - When an over abundance of nutrients are added to a water ecosystem, eutrophication occurs.  Nitrogen and phosphorous from waste water and agricultural fertilizers causes an overabundance of algae to bloom, which then depletes the water of oxygen and results in the death of both plant and animal life.  This impact is typically measured in either kg phosphate equivalent (PO4) or kg nitrogen (N) equivalent.  Life Cycle Assessment (LCA) - This is a method to quantitatively assess the environmental impact of a product throughout its entire lifecycle, from the procurement of the raw materials, through the production, distribution, use, disposal and recycling of that product.   Learn more about Life Cycle Assessment   
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APPENDIX B. LABORATORY TEST REPORTS 
 
 
 
 
 
 
 
 
 
DETERMINATION OF THE DRY DENSITY/MOISTURE CONTENT RELATION OF A SOIL Project: Study of new screw nail  Project No: NA Sample No.: Bulk  Report No: HT-PHD-DD-1 Location: Boral Thomastown  Date Tested: 20/05/2013Depth: Boral bricks stockpile  Technician: HT Test Methods Moisture Content Material Description: Very silty CLAY (CL): grey brown.  Mass total sample 10000 g Mass retained 37.5mm 0 g If material has been stabilised, time of Laboratory Compaction: N/A  Mass retained 19.0mm 0 g Time in hours allowed for curing 17 May 2013 (3 days)
 Added Moisture % +2 +4 +6 +8 +10 Mass of mould & soil m2 g 7020 7075 7076 7031 6979 Mass of mould m1 g 4968 Volume of mould V cm3 999Converted   Wet Density Wet Density t/m
3 2.054 2.109 2.110 2.065 2.013
1+(z/100)
 Container No 110 180 200 127 250
 Mass Wet Soil & Container mb g 2231.6 2782.5 3207.7 3162.5 3583.5
 Mass Dry Soil & Container mc g 2002 2513.9 2892.3 2821.5 3218.1
 Mass of Container ma g 263.9 773 1101.2 1101.3 1570.1
 Moisture Content  w = (mb - mc) x100 %(mc - ma) 13.2 15.4 17.6 19.8 22.2
 Dry Density rd = 100r t/m3(100 + w) 1.814 1.827 1.794 1.723 1.648
Sample Details Bulk sample Particles > 19mm: 0%
Description: Silty CLAY (CL): grey brown. Maximum Dry Density: 1.83 t/m3
Optimum Moisture Content: 15.5 %
Remarks: Calculation Parameters:Test Methods: AS 1289.5.1.1-2003 (STD), AS 1289.2.1.1-2005 Soil Particle Density: 2.8
Sampling Methods: AS 1289.1.1-2001, AS1289.1.2.1-1998 ( Clause 6.5.4) Report Date: 22/05/2013
1.5
1.6
1.7
1.8
1.9
2
2.1
2.2
5.00 % 10.00 % 15.00 % 20.00 % 25.00 % 30.00 %
Dry
 De
nsit
y (t
/m3
)
Moisture Content
DETERMINATION OF THE MINIMUM AND MAXIMUM DRY DENSITY OF A COHESIONLESS MATERIAL Project: Study of new screw nail  Project No: NA Sample No.: Bulk  Report No: HT-PHD-MinMax-1 Location: Sand supplier  Date Tested: 13/01/2014 Depth: Disturbed  Technician: HT Placing Method: Dry & Wet  Pouring Method: 13 mm funnel Material Description: silty SAND (SP): light grey, fine to medium grained.  Mass total sample 12000 g Mass retained 37.5mm 0 g If material has been stabilised, time of Laboratory Compaction: N/A  Mass retained 19.0mm 0 g Time in hours allowed for soaking 30 min  Surcharge 5000 g Vibration time 5 min
 Added Moisture % Minimum Maximum Mass of mould & soil m2 g 7114.4/ 7104.9/ 7100.9/ 7100.9 = 7081.8 2950.9 Mass of mould m1 g 5539.5 1101 Volume of mould V cm3 1002.2Converted  Wet Density Wet Density t/m
3 1.539 -
1+(z/100)
 Container No 216 -
 Mass Wet Soil & Container mb g 12166.6 -
 Mass Dry Soil & Container mc g 12157.8 -
 Mass of Container ma g 1101 -
 Moisture Content  w = (mb - mc) x100 %(mc - ma) 0.00 -
 Dry Density rd = 100r t/m3(100 + w) 1.538 1.846
Sample Details Washed river sand, bulk sample Particles > 1.18mm: 1%
Description: Silty SAND (SP): light grey, fine-medium grained Maximum Dry Density: 1.85 t/m3
Minimum Dry Density: 1.54 t/m3
Remarks: For the maximum dry density test, specimen was inundated with water during the vibration on a motorised shaking table.
Test Methods: AS 1289.5.5.1-1998 
Sampling Methods: AS 1289.1.1-2001, AS1289.1.2.1-1998 ( Clause 6.5.4) Report Date: 24/01/2014
Oven Drying /Moisture Content: AS 1289.2.1.1- 1998
Project : Study of new screw nailLocation : Boral ThomastownSample No: Bulk 
1 of 1
Description: Silty CLAY (CL) with some fine-medium grain sand, trace fine gravel.
Test Method(s): AS 1289.3.6.1 - 2000, AS 1289.3.6.3 - 2000
Sampling Method(s):AS 1289.1.2.1 - 2000, AS1289.1.1 - 2000
Remarks:  
  Page:
Depth:               Disturbed
RESULTS OF PARTICLE SIZE DISTRIBUTION
PHD-PSD-HT-2013  Report No. : 20/05/2013  Date of Test:  Report Date : 16-May-13Date Sampled: 15/5/2013 HT  Tester:
Sieve Size (mm) 75.0 53.0 37.5 26.5 19.0 13.2 9.5 6.7 4.75 2.36 1.18 0.600 0.425 0.300 0.150 0.075% Passing - - - - 100% - - - 100% 96% 86% 81% 79% 77% 75% 72%
Silty CLAY (CL): grey brown, trace fine to coarse sand
      Wet  Dry
gmb gmc gma g
mmmm %
To calculate the liquid limit (WL), use the above equation to correct for the number of blows obtained.
Calculated ReportLiquid Limit % % Plasticity Index % %Plastic Limit % % Linear Shrinkage % %Field Moisture Content 11.11 % % Unified Classification CL
ResultsResults
43.50
33.60
16.16%
Report
11
No.867.00 45.10
Calculated
250
6.25%
15616.32331.18 1631
DETERMINATION OF LIQUID LIMIT, PLASTIC LIMIT, PLASTICITY AND LINEAR SHRINKAGE (SUBSIDIARY METHOD)
Natural stateLow Temperature oven DriedAir DriedOther (explain)Linear Shrinkage 
Liquid LimitPlasticity IndexPlastic Limit AS 1289.3.2.1 - 2000AS 1289.3.4.1 - 2000
Date Sampled:Project No: PHD-AL-HT-2013
6.25
Moisture Content AS 1289.2.1.1 - 2000
AS 1289.3.1.2 - 2000AS 1289.3.3.1 - 2000
Mould Number
mb-mcmc-ma x 100
Linear Shrinkage M415
234.37
22.90
% 16.48%
56.40
22.40
14.85
Initial LengthFinal LengthLinear ShrinkageDid Sample Crumble or Curl Yes
25
Project:Location:Sample No:
Study of new screw nail Boral Thomastown
Depth/Layer: HTDisturbed
B1Sample Description:
15-May-2013Date Tested: 20-May-2013
Moisture Content
Blow CountContainer NumberMass Wet Soil & Container
Mass Dry Soil & Container
Mass of Container
32.00
Technician:
Preparation Method (Sieving)
Atterburg Limits
26
31.18%
Liquid Limit (WL) Plastic Limit (WP)
M3133.50No.3
Project : Study of new screw nailLocation : Washed sand supplierSample No: Bulk 
1 of 1
Description: Silty SAND (SP) light grey, fine to medium grained, silica.
Test Method(s): AS 1289.3.6.1 - 2000, AS 1289.3.6.3 - 2000
Sampling Method(s):AS 1289.1.2.1 - 2000, AS1289.1.1 - 2000
Remarks:  
  Page:
Depth:               Disturbed
RESULTS OF PARTICLE SIZE DISTRIBUTION
PHD-PSD-SAND-HT-2013  Report No. : 24/01/2014  Date of Test:  Report Date : 15-Jan-14Date Sampled: 29/11/2013 HT  Tester:
Sieve Size (mm) 2.36 1.18 0.600 0.425 0.300 0.150 0.075
% Passing 100% 99% 95% 74% 41% 2% 0%
             ONE DIMENSIONAL CONSOLIDATION TEST RESULTS
(DOUBLE DRAINAGE)
Project: Study of new screw nail  Report No. : PHD-CON-HT-1Location: Pullout test box  Report Date : 24/01/2014
Sample No.: S4  Date of Test: 19 Dec 2013Depth: 0.3-0.8  Date Sampled : 14 Aug 2013Sample Description: Silty CLAY (CL), grey brown  Sample Type: U50 (Remoulded)
Test Location : RMIT Laboratory  Page: 1 of 3
TEST DETAILSSTAGE Stress Settlement Hinitial Hfinal einitial efinal cv mvrange (kPa) (%) (mm) (mm) (m2/yr) (m2/MN)1 3-6 -0.45 20.05 20.14 0.68 0.69 0.68 -1.51
2 6-13 -0.39 20.14 20.12 0.69 0.69 0.69 0.09
3 13-25 0.37 20.12 19.97 0.69 0.68 0.69 0.61
4 25-50 1.29 19.97 19.79 0.68 0.66 0.68 0.37
5 50-100 3.31 19.79 19.38 0.66 0.63 0.66 0.41
6 100-200 4.59 19.38 19.13 0.63 0.61 0.61 0.13
 
SAMPLE DETAILS NOTESInitial Final Hinitial = sample height at start of loading incrementMass (g): 59.43 62.17 Hfinal = sample height at end of loading incrementMoisture content (%): 12.8 18.0 einitial = void ratio at start of loading incrementHeight (mm): 20.05 19.11 efinal = void ratio at end of loading incrementSoil particle density (t/m3): (assumed) 2.8 cv = coefficient of consolidationDry density (t/m3): 1.66 mv = coefficient of volume compressibilityVoid ratio: 0.68 0.61Degree of saturation (%): 52.3 Settlement is cumulativeInundation pressure (kPa): 3.0Specimen compression on inundation (mm): -1.00Average diam (mm) 20.05Average thickness (mm) 44.8
TEST METHODSAS 1289.1.1-1998AS 1289.6.6.1-1998AS 1289.2.1.1-1992
             ONE DIMENSIONAL CONSOLIDATION TEST RESULTS
(DOUBLE DRAINAGE)
Project: Study of new screw nail  Report No. : PHD-CON-HT-1Location: Pullout test box  Report Date : 24/01/2014
Sample No.: S4  Date of Test: 19 Dec 2013Depth: 0.3-0.8  Date Sampled : 14 Aug 2013Sample Description: Silty CLAY (CL), grey brown  Sample Type: U50 (Remoulded)
Test Location : RMIT Laboratory  Page: 2 of 3
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             ONE DIMENSIONAL CONSOLIDATION TEST RESULTS
(DOUBLE DRAINAGE)
Project: Study of new screw nail  Report No. : PHD-CON-HT-1Location: Pullout test box  Report Date : 24/01/2014
Sample No.: S4  Date of Test: 19 Dec 2013Depth: 0.3-0.8  Date Sampled : 14 Aug 2013Sample Description: Silty CLAY (CL), grey brown  Sample Type: U50 (Remoulded)
Test Location : RMIT Laboratory  Page: 3 of 3
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                            DETERMINATION OF THE SHEAR STRENGTH OF A SOIL - DIRECT SHEAR TEST USING A SHEAR BOX Project: Study of new screw nail  Project No: NA Sample No.: -  Report No: HT-PHD-DS-1 Location: Pullout test box, RMIT University Laboratory  Date Tested: 24/01/2014 Depth: Remoulded  Technician: HT Page: 1 of 1
 Material Description: Silty SAND (SP): light grey, silica sand.
 Moisture Content Container No 110
 Mass Wet Soil & Container mb g 633.32 Mass Dry Soil & Container mc g 630.63 Mass of Container ma g 241.21
 Moisture Content  w = (mb - mc) x100 %(mc - ma) 0.7
Loose (min) Dense (max)Weight of shear box with sand W1 = 502.8 g 511.1 gWeight of shear box without sand W2 = 312.7 g 312.7 gTop plate dimensions Ht = 23.7 mm 23.7 mmBottom plate dimensions Hb = 19.2 mm 19.2 mm
Shear box area (dimensions =60.6mm X 60.4 mm) = 36.6 cm2 36.6 cm2Internal height of the shear box H1 = 36.9 mm 36.6 mmInternal height of the shear box H2 (Ht-Hb) = 4.5 mm 5.9 mm
Thickness of the soil sample, H (H1-H2) = 32.4 mm 30.7 mm
Volume of the soil, V = 118.4 cm3 112.4 cm3Weight of the soil sample, W = W2-W1 = 190.1 g 198.4 g
Dry Density of Soil sample, gd = W/V = = 1.60 t/m3 1.76 t/m3Initial Void ratio, e0 = GSgw/ gd – 1; GS = 2.70 = 0.53 - 0.39 -
Normal Stress, σ Shear stress at failure, tkN/m2 kN/m225 73.450 38.3100 20.1
Cohesion, c = 0 kN/m2Friction angle, f = 36.6 °
Remarks:
Test Methods: AS 1289.6.2.2-1998AS 1289.2.1.1-1998
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(Consolidated Undrained with Pore Pressure Measurement)
Project : Study of new screw nailLocation : Pullout test boxSample No: S1
1 of 3
STAGE DETAILSSTAGE 1 2 3Cell pressure (kPa) 125 150 200Back pressure (kPa) 100 100 100Volume change (%) 8 7 6Strain rate (mm/min) 0.010 0.010 0.010
PEAK VALUES  Strain (%) 2.70 4.50 8.50Deviator Stress (kPa) 43.00 128.00 362.00Pore pressure (kPa) 119.00 126.00 186.00Stress ratio 2.10 2.70 2.80
SPECIMEN DETAILS Initial FinalMoisture content (%) 16.2 20.0Dry density (t/m3) 1.78B' value after saturation 0.97Shear Vane Reading (kPa) 57.00Pocket Penetrometer Reading (kPa) 320.00
EFFECTIVE PARAMETERS
 Cohesion,  c ' 2.1  kPa
 Friction Angle, f' 32  degrees
  
 
  NOTES: 1. Test technique : multi-staged. 2. Failure criteria : maximum stress ratio.
3. Specimen was fitted with side drains.
4. Specimen was saturated with a cell pressure of 125 kPa and back pressure of 100 kPa.
6. Consolidation pore pressure was not completely dissipated prior to testing.
7. Water used for testing was deaired prior to use.
  Page:
Depth:               0.7Date Sampled: 3/7/2013 HT  Tester:
RESULTS OF TRIAXIAL COMPRESSION TEST
PHD-CU-HT-2014  Report No. : 20/02/2014  Date of Test:  Report Date : 10/02/2014
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                                        DETERMINATION OF THE SHEAR STRENGTH OF A SOIL - DIRECT SHEAR TEST USING A SHEAR BOX Project: Study of new screw nail  Project No: NA Sample No.: -  Report No: HT-PHD-DS-1 Location: Pullout test box, RMIT University Laboratory  Date Tested: 24/01/2014 Sample type: Remoulded  Technician: HT Page: 1 of 1
 Material Description: Silty CLAY (CL): grey-brown.
 Moisture Content Container No M12
 Mass Wet Soil & Container mb g 3505.6 Mass Dry Soil & Container mc g 3286.9 Mass of Container ma g 1570.3
 Moisture Content  w = (mb - mc) x100 %(mc - ma) 12.7
Weight of shear box with soil W1 = 544.8 gWeight of shear box without soil W2 = 312.7 gTop plate dimensions Ht = 23.7 mmBottom plate dimensions Hb = 19.2 mm
Shear box area (dimensions =60.6mm X 60.4 mm) = 36.6 cm2Internal height of the shear box H1 = 36.9 mmInternal height of the shear box H2 (Ht-Hb) = 4.5 mm
Thickness of the soil sample, H (H1-H2) = 32.4 mm
Volume of the soil, V = 118.4 cm3Weight of the soil sample, W = W2-W1 = 232.1 g
Dry Density of Soil sample, gd = W/V = = 1.74 t/m3Initial Void ratio, e0 = GSgw/ gd – 1; GS = 2.8 = 0.47 -
Normal Stress, σ Shear stress at failure, tkN/m2 kN/m225 7750 90100 109
Cohesion, c = 68 kN/m2Friction angle, f = 23 °
Remarks: Strain rate =0.02 mm/min
Test Methods: AS 1289.6.2.2-1998AS 1289.2.1.1-1998
y = 0.42x + 67.5
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(Consolidated Undrained with Pore Pressure Measurement)
Project :      Study of new screw nailLocation :      Pullout test boxSample No:      S1
2 of 3  Page:
Date Sampled: 3/7/2013   Tester: HTDepth:               0.75
RESULTS OF TRIAXIAL COMPRESSION TEST
  Report No. : PHD-CU-HT-2014  Report Date : 20/02/2014  Date of Test: 10/02/2014
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(Consolidated Undrained with Pore Pressure Measurement)
Project :      Study of new screw nailLocation :      Pullout test boxSample No:      S1
3 of 3  Page:
Date Sampled: 3/7/2013   Tester: HTDepth:               0.75
RESULTS OF TRIAXIAL COMPRESSION TEST
  Report No. : PHD-CU-HT-2014  Report Date : 20/02/2014  Date of Test: 10/02/2014
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APPENDIX C. DRAWINGS 1-6 
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DETAIL  
SCALE 1 : 5
48,5MM Pitch
CUT NON-THREAD END BY HALF DIA.
AND WIDTH OF TUBE TO WELD ONTO FRAME TUBE
FRONT VIEW SIDE VIEW REAR VIEW
ISOMETRIC VIEW
ITEM NO. QTY. DESCRIPTION LENGTH
1 4 TUBE, RECTANGULAR 60 X 40 X 3.20 1120
2 3 TUBE, RECTANGULAR 60 X 40 X 3.20 1500
3 11 TUBE, RECTANGULAR 60 X 40 X 3.20 1000
4 24 TUBE, RECTANGULAR 60 X 40 X 3.20 446.67
5 1 Bottom Sheet 1107x1487x3.0
6 1 Rear Sheet 994x991x3.0
7 2 Side Sheets 991x1487x3.0
8 1 Front Sheet 994x991x3.0
9 1 Bolt 1 260
10 1 Bolt 4 260
11 1 Bolt 2 260
12 1 Bolt 3 260
C
SCREW SOIL NAIL SHEARBOX TEST
SHEARBOX LAYOUT DRAWING & CUT LIST
HT-SSN-PHD-SB-LO-DW1
Feb 2013
Feb 2013
Feb 2013
Mar 2013RMIT University
GR
GR
HT
WEIGHT: 302 kg
A3
SHEET 1 OF 1SCALE:1:20
DWG NO.
TITLE:
REVISION
MATERIAL:
DATESIGNATURENAME
DEBUR AND 
BREAK SHARP 
EDGES
FINISH:UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH: NA
TOLERANCES:
   LINEAR: +/- 1
   ANGULAR: +/- 5
Q.A
MFG
APPV'D
CHK'D
DRAWN
Steel
23
5
61091411
87
ITEM NO. QTY. DESCRIPTION LENGTH
1 4 TUBE, RECTANGULAR 60 X 40 X 3.20 1120
2 3 TUBE, RECTANGULAR 60 X 40 X 3.20 1500
3 11 TUBE, RECTANGULAR 60 X 40 X 3.20 1000
4 24 TUBE, RECTANGULAR 60 X 40 X 3.20 446.67
5 1 Bottom Sheet 1107x1487x3.0
6 1 Rear Sheet 994x99x3.0
7 2 Side Sheets 528x1487x3.0
8 1 Front Sheet 994x991x3.0
9 1 Bolt 1 260
10 1 Bolt 2 260
11 1 Bolt 3 260
12 1 Bolt 4 260
B
SCREW SOIL NAIL SHEARBOX TEST 
SHEARBOX EXPLODED VIEW
HT-SSN-PHD-SB-EXP-DRW2
Jan 2013
Jan 2013
Jan 2013
Mar 2013RMIT LAB
GR
GR
HT
WEIGHT: 203 kg 
Steel
A3
SHEET 1 OF 1SCALE: 1:15
DWG NO.
TITLE:
REVISION
MATERIAL:
DATESIGNATURENAME
DEBUR AND 
BREAK SHARP 
EDGES
FINISH:UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN MILLIMETERS
SURFACE FINISH:
TOLERANCES:
   LINEAR:
   ANGULAR:
Q.A
MFG
APPV'D
CHK'D
DRAWN
 14
00 
 966.20 
 48
0.2
0 
4 13 2
Steel
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 PLATE 1: Residual clay soil moisture conditioning. 
 
PLATE 2: Moisture conditioning and mixing. 
 
 PLATE 3: Soil compaction in test box. 
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PLATE 6: Completed load cells installation. 
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 PLATE 13: Removal of screw nail before grouting. 
 
PLATE 14: Inside hole after the removal of screw nail and before grouting. 
 
 PLATE 15: Grouting with flexible tremie pipe. 
 
PLATE 16: Completion of grouting and insertion of reinforcement bar. 
 
 PLATE 17: Exhumation of grout nail. 
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 PLATE 19: Screw nail after gluing of strain gauges. 
 
PLATE 20: Screw nail front view. 
 
 PLATE 21: 10 mm thick sheet metal boxes and spacers inside it for casting of vertical red sand bands. 
 
PLATE 22:Placement of 10 mm thick sheet metal boxes inside the pullout test box. 
 
 PLATE 23: Sand pouring inside the test box. 
 
PLATE 24:Placement of screw nail inside the test box. 
 
 PLATE 25:Placement of load cells. 
 
PLATE 26: Removal of 10 mm thick sheet metal boxes and forming thin vertical bands of red sand. 
 
 PLATE 27: Rubber slit across and fixed over the hole to prevent sand loss during pullout testing. 
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 PLATE 29: Standard proctor compaction test of residual clay soil. 
 
PLATE 30: Min-max density tests of sand. 
 
 PLATE 31: Surcharging and vibrating of sand for min-max density tests. 
 
PLATE 32: Atterberg limit test: linear shrinkage, liquid limit and plastic limit tests. 
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 PLATE 37: Consolidation tests. 
 
PLATE 38: Consolidation cell. 
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